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PREFACE 


What has been called “the Second Industrial Re volution’’-auto¬ 
mation or automatic process control-is an outgrowth of the technical 
advances made during World War II in military equipment. The 
heart of the automatic, electronically controlled mechanisms for this 
purpose is the subject of these two volumes dealing with synchros and 
servomechanisms. 

Besides the wide application of these devices in all types of mod¬ 
ern military equipment, business and industry are making rapid strides 
in the use of synchros and servomechanisms in automatic process con¬ 
trol, as in chemical plants, oil refineries, steel, textile and paper mills', 
in the manufacture and assembly of automotive and electronic equip¬ 
ment; and in the processing of data (sales, inventory, production, 
payroll, etc.) in offices and laboratories. 

The text of this Basic Synchros and Servomechanisms course, as 
currently taught at Navy specialty schools, has now been released for 
civilian use. This course is given to all Navy ratings whose duties re¬ 
quire them to work with equipment which uses synchros and servo¬ 
mechanisms. It is a further extension of the background courses the 
trainee took in “Basic Electricity” and “Basic Electronics” (also by 
Van Valkenburgh, Nooger & Neville, Inc.). This educational pro¬ 
gram has been an unqualified success. Since April, 1953, when it 
was first installed, over 25,000 Navy trainees have benefited by the 
instruction and the results have been outstanding. 

This set of two volumes on “Basic Synchros and Servomechan¬ 
isms” follows exactly the same format and method of presentation em¬ 
ployed for “Basic Electricity” and “Basic Electronics.” The unique 
simplification of an ordinarily complex subject, the exceptional clarity 
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of illustrations and text, and the plan of presenting one basic con¬ 
cept at a time, without involving complicated mathematics, all com¬ 
bine in making this course a better and quicker way to learn (and 
teach) Basic Synchros and Servomechanisms. 

Another purpose is to acquaint those in industry and government 
—from corporation president to newest apprentice—with the most bas¬ 
ic facts concerning automation. As an example of how synchros and 
servomechanisms can replace the human brain in situations requiring 
uninvolved, routine procedures, you will go through, step by step, the 
designing of a simple servomechanism for the automatic steering of 
a ship. This could just as well have been the operation of a mixing 
valve in an oil refinery or a computer in an office. 

In releasing this material to the general public, the Navy hopes 
to provide the means for creating a nation-wide pool of pretrained 
technicians, upon whom the Armed Forces could call in time of na¬ 
tional emergency, without the need for precious weeks and months 
of schoolinig. 

Perhaps of greater importance is the Navy’s hope that through 
the release of this course, a direct contribution will be made toward 
increasing the technical knowledge of men and women throughout 
the country, as a step in making and keeping America strong. 

New York, N. Y. Van Valkenburgh, Nooger & Neville, Inc. 

August, 1955 
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THE ERROR DETECTING SYSTEM 


The Function of the Error Detector 

Volume 1 pointed out that two basic systems — the error detector and 
the controller — worked together to enable a servo to meet the 5 basic 
requirements (p. 1 — 94). The first system that you are going to study 
is the error detecting system which must contain any and all components 
necessary to accept the order and translate it into such a form that it 
can be recognized and used. As such, the error detecting system takes 
care of the first requirement of a servo—a servo must receive an order 
which it can accept and use. The error detecting system also must be 
able to measure the difference between the input signal and the actual 
results taking place. On the basis of this measured difference it must 
be able to issue a correcting order in a form that can be used by the 
controlling system. You can see that the error detecting system must 
therefore take care of requirements 2, 3, and 4 in addition to require¬ 
ment 1. 

There are a number of methods of determining errors and the difference 
between errors. Among the devices that may be used for this purpose are 
gear systems, potentiometers, synchros, thermometers, air pressure 
gauges, photoelectric cells, vacuum tube circuits, etc. The type of error 
measuring devices chosen by the servomechanism designer depends upon 
the natures of the order being measured and the type of relationship to be 
established between the conditions being measured. 

Two common types of error detecting systems which will be discussed 
here contain as their basic component either a balanced potentiometer 
system or a synchro control transformer. 


BASIC COMPONENTS OF ERROR DETECTING SYSTEMS 
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You are already familiar with the operation of balanced potentiometers 
and control transformers as error detectors. It would be a good idea for 
you to review the theory of operation of these error detectors once again 
in order to give you the necessary foundation you need to understand the 
operation of complex servos. (See Volume 1.) 





















THE BALANCED POTENTIOMETER ERROR DETECTOR 


The Sliding Arms Centered 

The balanced potentiometer error detector is nothing new to you. You 
used it in your design of the automatic steering servo in Volume 1. 
Suppose you find out how a balanced potentiometer type of error detec¬ 
tor works with an AC voltage source. 

When both sliding arms are centered on their respective potentiometers, 
the voltage between the center taps is zero. A ’scope placed between cen¬ 
ter taps Sj-S2 would show no output (error signal) as illustrated. 
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As a result, there is no input to the amplifier and the servo motor does 
not rotate. The transducer points towards the bow of the ship. 























THE BALANCED POTENTIOMETER ERROR DETECTOR 


One Sliding Arm Moved Off-Center 


When the hand crank is turned, the sliding arm Si will move off-center and 
a voltage difference will now be developed between Si and S 2 . The ampli¬ 
tude of this voltage difference will depend upon the displacement of Si 
relative to S 2 . The phase of this voltage difference will depend upon which 
direction Si is moved relative to S 2 . When Si moves to the left of S 2 ,it 
will be closer to the A terminal of the AC input reference voltage than will 
S 2 . Consequently the voltage difference will be in phase with the voltage 
between A-B. This is shown in the diagram. When the hand crank is 
turned so that Si moves to the right of S 2 , it will be closer to the B ter¬ 
minal of reference voltage than will S 2 . Now the voltage difference will be 
out of phase with the voltage between A-B. This also is illustrated. 



Si MOVES TO LEFT - ERROR SIGNAL IN PHASE 
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Si MOVES TO RIGHT - ERROR SIGNAL OUT OF PHASE 


The voltage that is developed between S 1 -S 2 is called the error signal. 
Notice that the amplitude of the error signal indicates the amount by which 
Si and S 2 are displaced from each other. The phase of the error signal 
relative to the reference voltage indicates the signal direction. 
























































































THE BALANCED POTENTIOMETER ERROR DETECTOR 


The Error Signal in Phase 

The error signal is applied to the input of the servo amplifier. The servo 
amplifier amplifies the error signal to a level where it is strong enough 
to turn over the servo motor. The servo amplifier is phase-sensitive; that 
is, it will cause the motor to rotate in one direction when the error signal 
is in phase with the reference signal, and it will cause the motor to rotate 
in the opposite direction when the error signal is out of phase with the ref¬ 
erence signal. The theory of operation of servo amplifiers will be cov¬ 
ered later. 

The servo amplifiei will cause the servo motor to rotate in such a direc¬ 
tion as to decrease the voltage difference between S 1 -S 2 to zero. When 
the hand crank turns Si to the left, the in-phase error signal will be am¬ 
plified and will cause the servo motor to rotate the transducer clockwise. 
At the same time the servo motor turns sliding arm S 2 in response until 
S 2 is in correspondence with Sj. At this point the error signal drops to 
zero and all drive stops. 
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THE BALANCED POTENTIOMETER ERROR DETECTOR 


The Error Signal out of Phase 

Similarly when the hand crank turns Sj to the right, the out-of-phase error 
signal will cause the servo motor to rotate the transducer counterclock¬ 
wise. Again the servo motor turns the sliding arm S 2 in response until it 
is once again in correspondence with Sj. The error signal is zero once 
more and all drive stops. If the servo system is highly sensitive, a very 
small error signal will cause the servo amplifier to drive the servo 
motor so that the transducer starts rotating almost at the same instant as 
the hand crank is turned, and stops almost at the same instant that the 
hand crank stops. You can see that the balanced potentiometer-type error 
detector meets all the requirements of an error detecting system. 
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1. It accepts an order defining the desired result. 

2. It evaluates the existing conditions. 

3. It compares the desired result with the existing conditions and deter 
mines the error. 

4. It issues a correcting order based on the error. 
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THE CONTROL TRANSFORMER ERROR DETECTOR 


Error Signal Zero 

The next error detector that you will learn about is the synchro control 
transformer. You are very familiar with the action of the control trans¬ 
former since you studied its operation in great detail in the section on 
synchro fundamentals ( see Volume 1). Suppose you review how it works 
as an error detector in a servo system. 

When the rotor of the G is on zero, and the rotor of the CT is in corre¬ 
spondence with it, the eryor signal will be zero. This is because the re¬ 
sultant magnetic field in the stator of the CT lies parallel to the turns of 
wire of the rotor 1 . The servo amplifier has no input and the servo motor 
does not turn. The transducer points towards the bow of the ship and the 
servo is in equilibrium. 



ERROR SIGNAL ZERO—SERVO IN EQUILIBRIUM 



















THE CONTROL TRANSFORMER ERROR DETECTOR 


Error Signal Phase Depends upon Direction of Rotation of CT Rotor 

When the hand crank is turned, an error signal voltage will be generated 
across the CT rotor since the resultant magnetic field will now cut 
through the rotor winding at an angle. The amplitude of the error signal 
will depend upon the angular displacement between the generator shaft and 
CT shaft. The phase of the error signal will depend upon the direction of 
rotation of the generator shaft. When the rotor shaft is turned clockwise, 
the error signal will be in phase with the reference voltage (applied to the 
rotor of the generator). When the rotor shaft is turned counterclockwise, 
the error signal will be out of phase with the reference voltage. 




CLOCKWISE ROTATION - ERROR SIGNAL IN PHASE 




COUNTERCLOCKWISE ROTATION - ERROR SIGNAL OUT OF PHASE 


To summarize the above actions: 

The function of the CT is to produce an error signal, so-called because 
the strength and phase of the voltage represents the amount and direction 
that the G and CT rotors are out of correspondence. 


























THE CONTROL TRANSFORMER ERROR DETECTOR 


Error Signal in Phase 

The error signal output from the control transformer is then applied to 
the input of the servo amplifier. The servo amplifier and motor work 
exactly the same as the ones that were used with the balanced potentiom¬ 
eters. The servo amplifier, as previously, is phase-sensitive. When the 
error signal is in phase with the reference voltage, the servo amplifier 
will drive the servo motor clockwise. In this case the servo motor is 
coupled to the rotor of the control transformer, which it drives in re¬ 
sponse. When both rotors are in correspondence, the error signal drops 
to zero and all drive stops. 



THE TRANSDUCER HAS NOW BEEN ROTATED 
THROUGH THE DESIRED ANGULAR DISPLACEMENT 
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THE CONTROL TRANSFORMER ERROR DETECTOR 


Error Signal out of Phase 

When the error signal is out of phase with the reference voltage, the servo 
amplifier will drive the servo motor counterclockwise. Again the CT 
rotor is driven in response until it is once again in correspondence with 
the rotor of the generator. The servo stops driving with the result that 
the transducer has been rotated through the desired angle. 


The control transformer error detector meets all the requirements of a 
basic error detecting system. 



1. It accepts an order defining the desired ^result. 


2. It evaluates the existing conditions. 

3. It compares the desired result with the existing conditions and deter¬ 
mines the error. 

4. It issues a correcting order based on the error. 
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THE CONTROL TRANSFORMER ERROR DETECTOR 


How the DG Corrects for Changes in Ship's Bearing 

One of the disadvantages in using a synchro - generator, control-trans¬ 
former team as an error detector is that the system does not automati¬ 
cally correct for changes. For example, using the above system, if 
the transducer is trained on an object and the ship's true bearing changes, 
the transducer will maintain the same relative bearing and will no longer 
be trained on the object. If the synchro generator is replaced with a 
differential generator whose rotor is electrically connected to the ship's 
gyro compass, the error detecting system will now automatically train 
the transducer to compensate for changes in ship's true bearing. 

Suppose you review the operation of the synchro-differential-generator, 
control-transformer error detecting system in the example that was 
discussed in Vol. 1 under "A Basic Transducer Positioning Servo" 

The original condition is that the ship is bearing 30 degrees East of North 
(30 degrees true bearing), and the transducer is positioned at 30 degrees 
true bearing. Since the shaft of the gyro compass synchro generator is 
mechanically coupled to the ship's gyro, the rotor of the G will be at 30 
degrees. Since the transducer is on zero degrees relative, the rotor of 
the CT will be at zero degrees. In order for the servo to be in equilib¬ 
rium with the above conditions, the rotor of the DG must be at 30 degrees. 
If a dial were to be connected to the hand crank of the DG, it would read 
the true bearing of the transducer at all times. The equilibrium condi¬ 
tions of the servo are illustrated schematically as shown. 
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THE CONTROL TRANSFORMER ERROR DETECTOR 


How the DG Corrects for Changes in Ship's Bearing (continued) 

ship suddenl y changes its course from 30 degrees 
45 d ! grees t*™ bearing-a change of 15 degrees. Since 
lvrn h «fl of the Syro s synchro generator is mechanically linked to the 
gy o, the rotor of the generator will be turned to 45 degrees as shown. 
This will eause the magnetic field to shift 15 degrees through the entire 
servo system as illustrated. Observe that the magnetic field in the CT is 
now positioned 15 degrees clockwise from the rotor. The error signal is 
Sf 18 ® W + ltI ?. the reference voltage. The illustration shows the mag- 

«f t f C fk ield ° rienta ^ l0nat the instant the shi P changes course. It is assumed 
that t he servo motor has not yet driven the transducer to its new position. 
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THE CONTROL TRANSFORMER ERROR DETECTOR 


How the DG Corrects for Changes in Ship’s Bearing (continued) 



s 


The controller acts upon the error signal, turns the transducer through 
15 degrees and at the same time drives the CT rotor in response. When 
the CT rotor is lined up with the magnetic field, the error signal drops to 
zero and the servo stops driving. The transducer has been rotated back 
15 degrees to maintain constant its true bearing of 30 degrees. 
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REVIEW OF THE ERROR DETECTING SYSTEM 


The Job of the Error Detector 

You have just studied in detail the operation of two basic error detectors— 
the parallel potentiometers and the control transformer. 

You learned that the job of an error detector as part of a servomechanism 
is to measure the difference between what is happening and what you want 
to happen. The error detector translates this difference into an error 
signalwhich the controller can use to drive the load in such a direction as 
to reduce the above mentioned difference to zero. When this happens the 
error signal drops to zero and the servo stops driving. The servo has 
then done the job that the original input order into the servo called for. 
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ERROR 
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1. It accepts an order defining 
the desired result. 

2. It evaluates the existing con¬ 
ditions. 

3. It compares the desired re¬ 
sult with the existing condi¬ 
tions and determines the 
error. 


4. It issues a correcting order 
based on the error. 


You now are going to study in detail the controlling system which carries 
out the order fed into it by the error detecting system. 
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THE CONTROLLING SYSTEM 


The Function of the Controller 

The controlling system is actually the "work horse" component in the servo¬ 
mechanism. Its function is to do the jpb once the order has been translated 
and analyzed by the error detector. In doing the job the controller is going 
to have to move a load which in most cases will require an electric motor 
as a driving device—although hydraulic and straight gearing systems are 
also used. Since the error correcting signal put out by the error detector 
is usually very weak, various types of power amplifiers are used to take 
in small correcting voltages and put out sufficient power to drive a motor. 
Many types of motors are used for servo work because of the large variety 
of speed, accuracy and horsepower output conditions required for different 
types of jobs. 

You are now going to study the operation of a number of different basic 
types of servo motors and servo amplifiers that find wide application in 
servo systems. You will also study specialized systems and generators 
which are capable of supplying heavy power demands. You will consider 
problems that arise during the operation of servos and how they can be 
met. 
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THE DC SERVO MOTOR 


The Job of the DC Servo Motor 

A servo motor when used in many applications must usually meet the 
requirements of being able to drive a load in either direction of rota¬ 
tion and at varying speeds. Ordinarily a single-phase or three-phase 
AC motor is virtually a constant speed device. When a particular servo 
application calls for a wide variation in driving speed, a DC motor is 
most commonly used. 



If you will review your knowledge of the DC motor, you will recall its es-" 
sential features are a stationary field structure and a rotating armature. 
The field and armature each has its own winding. The field winding leads 
usually are brought out and the field separately excited. The coils of the 
armature windings are connected to the commutator segments. The com¬ 
mutator rotates against fixed brushes which connect through leads to the 
source of armature voltage. This is illustrated in the diagram which re¬ 
presents a two-pole DC shunt motor. The schematic representation is 
also shown. 
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THE DC SERVO MOTOR 


Very briefly, let's consider how the DC motor works. The simplified il¬ 
lustration shows a permanent magnet motorwith a loop of wire as the arm¬ 
ature. The first position shows that the current flowing through the loop 
sets up a magnetic field which makes the top of the loop a north pole and 
the underside of the loop a south pole. The magnetic poles of the armature 
coil will be attracted to the opposite poles of the field, and the loop will ro¬ 
tate in the direction shown so as to bring the unlike poles together. Wfyen 
the loop has rotated through 90 degrees, to Position 2, commutation takes 
place, and the current through the loop reverses in direction. As a result, 
the armature field reverses and like magnetic poles in the armature loop 
and field are suddenly facing each other. Like poles repel each other and 
the armature loop will continue rotating to bring the unlike poles together 
once again. In Position 3, the armature loop has rotated through 180 de¬ 
grees, and commutation takes place once again to maintain the armature 
loop rotating in the same direction. 
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THE DC SERVO MOTOR 


Application of DC Servo Motors 

DC motors find an important use in servo systems because their speed and 
direction of rotation can be controlled. The speed of rotation of DC motors 
is very nearly proportional to the armature voltage, provided that the field 
flux is maintained constant. The direction of rotation can be reversed by 
reversing either the field or the armature current. 

An example of a DC motor employed in low-power servos is a permanent- 
magnet-field DC motor.„ Here, the armature current is controUed directly 
by the servo amplifier. Since the field flux is constant, varying the arma¬ 
ture current will vary the motor speed and reversing the armature current 
will reverse the direction of rotation. When the power requirements in¬ 
crease, the permanent-magnet-field type motor becomes impractical be¬ 
cause it is larger than a shunt motor of equal power rating. For large 
power requirements the DC shunt motor is used. Here the field winding 
can be separately excited to supply a constant field flux. The armature 
voltage can be controlled to vary the speed and direction of rotation of 
the motor. 



PERMANENT MAGNETIC M SHUNT FIELD 

FIELD = 



VARY SPEED BY VARYING ARMATURE VOLTAGE. 
REVERSE DIRECTION BY REVERSING POLARITY 
OF ARMATURE VOLTAGE. 
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THE DC SERVO AMPLIFIER 


THE DC SERVO AMPLIFIER 


The Requirements of a DC Servo Amplifier 

Suppose you consider a servo amplifier that supplies power to a DC motor. 
You know that the input to the servo amplifier is the error signal which 
is an AC voltage. You also know that the output of the servo amplifier 
must be DC if it is going to drive a DC motor. Also, the servo amplifier 
must be able to reverse the polarity of the DC output as the phase of the 
error signal reverses. It must be able to do this if it is going to drive 
the DC motor in either direction. You can see that if a DC servo amplifier 
is going to do its job it ipust be able to meet two basic requirements: 


(1) It must be able to convert an AC error signal input into amplified DC 
power output. 

(2) It must be phase-sensitive. 



Knowing the basic requirements of a DC servo amplifier, you can now 
study a few basic circuits and see how the above conditions are met. 
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THE SINGLE STAGE DC SERVO AMPLIFIER 


A Basic Circuit Using Triodes 

The diagram illustrates a basic schematic of a DC servo amplifier such 
as might be used to supply armature current for a small permanent - 
magnet DC motor. At first glance you might mistake this circuit to be 
that of a conventional push-pull power output stage. However, upon closer 
scrutiny you can see that it is different from the familiar type push-pull 
stage. The most apparent difference is the fact that the conventional DC 
B+ supply which normally supplies the plates with a source of DC has been 
replaced by a source of AC voltage. Notice that the two plate voltages are 
in phase with each other. Observe the small permanent magnet motor 
which is connected as a load from plate to plate. The grid circuit is a 
standard push-pull transformer-coupled circuit. The input signal is the 
error signal from the control transformer and is applied to the two grids 
180 degrees out of phase. 



Listed below is a table defining the symbols which are shown on the 
schematic diagram: 

E s i and E s 2 — The error signal voltages 
E g i and E g2 — The grid-to-cathode voltages 

Efc — The bias voltage on both tubes 
II and I 2 — The instantaneous plate currents 
— The instantaneous plate voltage 
E 0 i and E 0 2 The instantaneous voltage drops across resis¬ 
tors R-l and R-2 with reference to their com¬ 
mon connection, point C 

Ea_b The instantaneous voltage across the DC motor 
taken from A to B 

R-l and R-2 — The plate load resistors which are equal in 
value 

T-l — The input transformer 
T-2 — The plate transformer 
V-l and V-2 — Amplifier tubes 
R k — Cathode Biasing Resistor 
C k — Cathode Bypass Condenser 
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SEEING HOW THE SINGLE STAGE AMPLIFIER WORKS 


Zero Error Signal 

You will now analyze the operation of the servo amplifier, observing in 
particular how it converts the error signal into a DC voltage and how it 
reverses the polarity of the DC as the phase of the error signal reverses. 

Consider first the condition when the error signal is zero. You know that 
when there is no error signal the servo system is not driving and, there¬ 
fore, the output to the servo motor must be zero. 



The first illustrated waveform, E bb , is the AC voltage which is applied to 
plates of both tubes. Notice that the plate voltages are in phase, since 
both plates connect to the same point on the secondary of transformer T~2. 
The next waveform, E g , is the grid-to-cathode voltage. Since the input* 
signal, E s , is zero, the grid-to-cathode voltage is just the bias voltage 
developed across the cathode biasing resistor, R^. Notice that the cath¬ 
odes of both tubes connect together and, therefore, the bias is the same 
for both tubes, as shown. Study the waveform of the instantaneous plate 
currents, Ij and I 2 . Observe that they follow the same general shape as 
the plate voltage waveform for the first half cycle. However the plate 
brents are zero for the second half cycle. The current waveform for 
the first half cycle can be explained by recalling that the plate current in 
a triode is a function of the plate voltage. As the plate voltage rises the 
plate current rises; and as the plate voltage drops, the plate current drops. 

uring the second half cycle, the plate voltage is negative. It will not at¬ 
tract any electrons and therefore the plate current will be zero. Observe 
that the plate currents for both tubes are the same since the plate voltage 
( E bb/ an( l grid voltage (Eg) waveforms are the same. 
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SEEING HOW THE SINGLE STAGE AMPLIFIER WORKS 


Zero Error Signal (continued) 

The plate currents flowing through the plate load resistors R-l and R-2 
cause voltage drops. The waveforms of these voltage drops, E 0 i, and E 0 2 ,\ 
have the same shape as their respective plate current waveforms. The 
waveforms are shown with reference to point C and, therefore, are seen 
as negative. 

Since Ij and I 2 are equal and R-l and R-2 are equal, the voltage drops 
E 0 i and E Q 2 must also be equalas shown. Notice that since the DC motor 
is connected across resistors R-l and R-2, the voltage across the motor 
must be equal to the sum of the voltage drops across R-l and R-2. The 
voltage drops E 0 ^ and E 0 2 are in series opposition as you trace from point 
A to B. The net effect is that the voltage across the motor, E^_g, is the 
difference between E 0 i and E 0 2, or zero. The motor consequently will 
not turn, which is as it should be since there is no error signal. 
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SEEING HOW THE SINGLE STAGE AMPLIFIER WORKS 


Error Signal Input 

Now consider the condition when there is an error signal output from the 
control transformer. Since the grids are connected in push-pull, they are 
180 degrees out of phase with each other. This means that, when a signal 
is applied to the primary of the input transformer, it will make one grid 
positive with respect to the center tap on the secondary winding and the 
other grid negative with respect to that same point. As a result, the grid- 
to-cathode voltage, Eg, is no longer equal to the bias voltage. It now 
varies above and below the bias voltage by the amount of the grid signal, 
E s . This is shown in fhe diagram. Notice that the grid signal is either 
in phase or out of phase with the plate voltage. This is because the synchro 
system is operated from the same AC line as the servo amplifier and, 
therefore, the error signal will either be in phase or out of phase with the 
line voltage, provided there is no phase shift in the synchro system. 
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SEEING HOW THE SINGLE STAGE AMPLIFIER WORKS 


Error Signal Input (continued) 



Assume that the error signal is of such a polarity that E s i is in phase 
with the plate voltage and E s2 is out of phase with the P^te voltage (refer 
to the previous,page ). Since E s i is m phase with the plate voltage 1 
decrease the grid voltage of V-.I during the first half cycle. As a result, 
the plate current, Ij, will increase during the first half cycle compared to 
the zero signal condition. Since E s o is out of phase with the plate voltage, 
it will increase the grid voltage of V-2 during the first half cycle. As a 
result, the plate current, I 2 , will decrease during the first half cycle com 
pared to the zero signal condition. Notice that no plate current flows 
either tube during the second half when both plates are negative with re 
spect to their cathodes. An increased I X will result in an increased voltage 
drop (E o1 ) across R-l, and a decreased I 2 will result in a decreased volt 
age drop (E o2 ) across R-2. Since the output voltages are no longer equal^ 
a voltage (Ea-b) wil1 exist across the motor equal to the difference be 
tween the voltales E 0 i and E o2 . The polarity of the output voltage Ea- B 
will be that of the larger output voltage, E ol , going from pomt A to point 
B As a result of this voltage across the motor, a current flows through 
the motor armature and the motor rotates in one direction as shown. 
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SEEING HOW THE SINGLE STAGE AMPLIFIER WORKS 


Error Signal Input (continued) 

When the error signal output from the control transformer reverses in 
phase, the signal voltages on the grids also reverse in phase. Now the 
grid of V-l is negative with respect to the center tap, whereas the grid of 
V-2 is positive with respect to the center tap. As a result, E S 2 is in 
phase with the plate voltage, and E s j is outof phase with the plate voltage. 
The plate current of V-l will decrease and the plate current of V-2 will 
increase. A decreased Ij will cause a decrease in the output voltage E 0 j, 
and an increased Io will- cause an increase in the output voltage E 0 2* 
Since the output voltages are not equal, a voltage E^-g will exist across 
the motor equal to the difference between the voltages E ol and E o2 . The 
polarity of the output voltage E A _-g will be that of E o2 , which is the larger 
output voltage. Since the polarity across the motor has reversed, the 
armature current, I m , will reverse. The result is that the motor will 
rotate in the opposite direction to that which it did previously. 



Nothing has been mentioned about controlling the speed of the servo 
motors. It should be obvious to you that as the error signal increases in 
amplitude, the voltage difference, E A _g, across the motor will also in¬ 
crease. The result is that the speed oLthe motor will increase. 
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SEEING HOW THE SINGLE STAGE AMPLIFIER WORKS 


What Actually Happens 

You have just analyzed how a DC servo amplifier converts an error signal 
input into a form of DC output which can drive a DC motor. The diagram 
shows a number of cycles of the theoretical voltage waveform, E^-g, 
across the motor. Notice that the waveform is not pure DC at all; rather 
it is pulsating DC such as is observed at the output of a half "wave rectifier. 
The fact that the output is half-wave can easily be understood by re¬ 
membering that the servo amplifier conducts only during the positive half 
of the plate voltage waveform. During the negative half-cycle both tubes 
are cut off. 


The important question that arises at this point is ”Will a DC motor op¬ 
erate on pulsating DC?" The answer is "Yes, it will." Actually the out¬ 
put voltage waveform across the armature winding is not the simple wave¬ 
form that has been illustrated. The actual waveform will contain negative 
voltage peaks at the instant when the plate currents cut off. This is due 
to the kick-back voltage induced in the armature winding at cut-off. 
Another important factor that should be realized is that the armature 
current does not drop to zero when the servo amplifier is cut off. During 
cut-off, the self-induced voltage in the winding will maintain the current 
flowing through itself and the load resistors. The result of the inductive 
action of the armature winding is to maintain the armature current at a 
nearly steady state of value in which the current increases and decreases 
a little as the tubes conduct and are cut off. 
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THE TWO-STAGE DC SERVO AMPLIFIER 


Basic Circuit 

If somewhat more power is required by the servo motor than can be sup¬ 
plied by the previously discussed servo amplifier, a push-pull DC amplifier 
can be inserted between the phase-sensitive triodes and the servo motor. 
The schematic diagram shows the servo amplifier with the added DC push- 
pull stage. The output of the phase-sensitive triodes is now taken across 
the parallel R-C networks in the plate circuit. The effect of the conden¬ 
sers Cl and C 2 is to smooth out the half-wave pulsations into a DC voltage 
with a low ripple content. 

Notice that the bias voltage, E cc , for the DC amplifiers is positive on the 
grid side. This positive voltage will subtract from the highly negative 
voltage across the condenser to give a resulting negative voltage which will 
allow the tube to operate on the linear portion of its characteristic curve. 
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SEEING HOW THE TWO-STAGE AMPLIFIER CIRCUIT WORKS 


Zero Error Signal 


NO ERROR SIGNAL 




When there is no signal input from the control transformer, the plate cur¬ 
rents of the phase-sensitive rectifiers are equal. The waveforms across 
the load resistors which previously were pulsating DC are now smoothed 
out to DC by the filtering action of condensers C-l and C-2. The smoothed- 
out DC voltagesappearing across the condensers are applied as signal volt¬ 
ages, E s 3 and E s 4 , to the grids of the DC amplifiers. Equal signal voltages 
will cause equal currents to flow in the plate circuits. The result is that 
the DC voltage drops (E 0 i and E 0 2 ) across the equal-load resistors, R-3 
and R-4 are equal. The voltage across the motor which is the difference 
between E 0 1 and E 0 2 is therefore zero. Consequently, the motor does 
not turn. 



































SEEING HOW THE TWO-STAGE AMPLIFIER CIRCUIT WORKS 


Error Signal Input 

When there is a signal output from the control transformer, the following 
action takes place. Assume that the error signal makes the grid of V-l 
positive and the grid of V-2 negative. The plate current of V-l increases 
and the plate current of V-2 decreases. An increasing-plate current in V-l 
increases the charge on condenser C-l, and, conversely, a decreasing plate 
current in V-2 decreases the charge on condenser C-2. Voltage E s 3 is 
as a result morejiegative than voltage E s 4 . The increased negative voltage 
on the grid of V-3 decreases its plate current and decreases E 0 i- The de¬ 
creased negative voltage on the grid of V-4 increases its plate current and 
increases Eq 2- The result is that a voltage difference appears across the 
motor armature and the motor rotates. The important waveforms that de¬ 
scribe the above action are illustrated. 







































SEEING HOW THE TWO-STAGE AMPLIFIER CIRCUIT WORKS 


Error Signal Input (continued) 

When the output signal from the oontrol transformer reverses in phase, 
the same line of reasoning can be used to prove that the voltage difference 
across the motor armature will reverse in polarity. The motor will now 
reverse its direction of rotation. The following schematic and waveforms 
illustrate the action that takes place when the input signal to the servo am¬ 
plifier reverses in phase. 
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GROUNDING A POINT IN THE TWO STAGE SERVO AMPLIFIER 


Grounding One of the Cathode Circuits 

The way in which the two-stage servo amplifier is connected makes it im¬ 
possible to operate the cathodes of both stages near ground potential. For 
example, if the cathodes were grounded as illustrated, the voltage reference 
source would be almost completely shorted out by the bias source Ecc* 
Obviously, therefore, only one or the other of the cathodes can be grounded. 
The cathode that is ungrounded may pick up AC hum from the AC heated 
filaments and thus introduce error into the operation of the servo ampli¬ 
fier . The way to overcome this hum problem is to heat the filaments with 
DC. If this is not feasible, then the circuit must be redesigned so that the 
cathodes can both operate near ground potential. 
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GROUNDING A POINT IN THE TWO-STAGE SERVO AMPLIFIER 


The Cathode-Loaded Servo Amplifier 

The servo amplifier may be modified so that the load resistors are taken 
out of the plate circuit and placed in the cathode circuit. This servo ampli¬ 
fier is called a cathode-loaded amplifier and is illustrated below. Observe 
that both cathodes are now operated near ground potential. The DC output 
is taken across the condensers C-l and C-2 and is applied to the grids of 
the DC amplifier. This output is DC due to the filtering action of the con¬ 
densers. The polarity of the DC output depends upon the phase of the error 
signal input to the servo^amplifier. The operation of this servo amplifier 
is similar to the operation of the two-stage servo amplifier pre¬ 
viously described. 





































GROUNDING A POINT IN THE TWO STAGE SERVO AMPLIFIER 


The Cathode Follower Servo Amplifier 



The servo amplifier circuit can be varied still further by operating the 
phase-sensitive amplifier as a cathode follower, as illustrated. The advan¬ 
tage of this circuit is that the cathodes of V-l and V-2 are operating at an 
even lower potential with respect to ground than in the previous amplifier, 
The results are that problems associated with hum pick-up are minimized 
still further. The only disadvantage to this circuit is that the gain of the 
cathode follower is less than one. Therefore, if gain is an important fac¬ 
tor in the servo amplifier, either another stage of DC amplification will 
have to be added or else the cathode-loaded amplifier must be used. 
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DC SERVO AMPLIFIER USING DIODE VACUUM TUBES 


A Basic Circuit Using Diodes 


Diodes may be used instead of the phase-sensitive triode tubes of the pre¬ 
viously discussed amplifiers. A schematic of a phase-sensitive rectifier, 
using diodes, is shown below. A study of the schematic will indicate to you 
how the circuit works. With no signal input, both diodes will conduct 
equally during the positive half of the reference plate signal. The voltages 
across the diode load resistors will be equal and opposite in polarity. 
The result is that there will be no output across the two condensers. An 
error signal input will make one diode plate more positive than the other 
diode plate during the conducting portion of the cycle. Which diode plate 
is more positive will depend upon the polarity of the error signal. The 
more positive diode will conduct more current than the other diode. The 
voltage drops across the load resistors will no longer be equal and a DC 
voltage difference will be applied to the grids of the DC amplifiers. The 
polarity of this DC output depends upon which diode is conducting more 
heavily, which in turn depends upon the phase of the error signal. The 
purpose of condensers C-l and C-2 is to filter out the ripple from the 
pulsating DC output. 
























GAS TUBES IN SERVO AMPLIFIERS 


Vacuum Tube Versus Gas Tube 

DC servo amplifiers employing vacuum tubes work all right as long as the 
load current requirements are small. When the load current requirements’ 
increase, a vacuum tube of receiving-tube size would riot be able to meet 
the large current demands. This is because vacuum tubes have inherently 
high internal plate resistances which limit the maximum plate current flow 
for a given plate supply voltage. The high internal plate resistance is to a 
large extent determined by the cloud of electrons which form a negative 
space charge surrounding the cathode. In order to decrease the plate re¬ 
sistance and thus increase the plate current flow, gas tubes must be used. 


VACUUM TUBE GAS TUBE 



LARGE SPACE CHARGE SMALL SPACE CHARGE 

LARGE PLATE RESISTANCE LOW PLATE RESISTANCE 

LOW PLATE CURRENT LARGE PLATE CURRENT 


You will recall from your study of gas-filled rectifiers that it is the gas 
which enables the tube to conduct large amounts of current. Very briefly, 
here is the way the gas in a tube helps to cut down the internal plate resist¬ 
ance and thus allow a large amount of current to flow. 

During Conduction, the gas atoms are ionized by collision with the electrons 
emitted from the cathode. The positively ionized gas atoms are attracted 
to the negative space charge which surrounds the cathode. Upon entering 
this region of negative space charge, the positive ions capture electrons 
and become neutral. Since the space charge region loses a large number 
of electrons to the gas ions, it decreases in size. A smaller space charge 
means that there will be a smallerforce of repulsion on the electrons emit¬ 
ted from the cathode. As a result, many more electrons will be allowed to 
flow to the plate for a given plate voltage than if there were no gas present. 
A larger current for a given plate voltage means the internal resistance qf, 
the tube has dropped. 





















THE THYRATRON GAS TUBE 


Some Characteristics of the 3C23 Thyratron 


The gas tube that is used as the phase-sensitive rectifier in servo ampli¬ 
fiers requiring large power outputs is called a thyratron. The thyratron 
has a grid structure inserted between the plate and cathode. The purpose 
of the grid structure is to control the point during the positive plate voltage 
cycle at which the tube fires. In this way, the grid controls the total plate 
current that flows during the positive cycle of the plate voltage. 


The diagram illustrates the construction of a thyratron similar to the Type 
3C23 tube which finds wide application in many servo amplifiers. The3C23 
has a directly heated cathode made of heavily thoriated tungsten for high 
emission. The filament is rated at 2.5 volts at 7 amperes for a total fila¬ 
ment power of 17.5 watts. This comparatively large filament power in¬ 
sures large cathode emission. The cathode shield fits over the filament 
and its purpose is to protect the filament from bombardment by positive 
ions. The illustrated schematic symbol for the 3C23 thyratron is the same 
as that for an ordinary directly heated triode, with a dot indicating that 
the tube is gas-filled. 
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THE THYRATRON GAS TUBE 



Action of the Gas Molecules 

In a triode vacuum tube the grid always maintains control over the plate 
current flow from cut-off to saturation. However, in the thyratron tube 
the grid can only control the start of plate current flow. Once plate cur¬ 
rent has started flowing, the grid loses all control. It can neither vary 
the plate current nor stop it from flowing. 

Here is the way the grid functions in the thyratron tube. The grid is 
usually biased negative so that it has a repelling effect on the electrons 
emitted from the cathode. As long as the plate voltage is so low that it is 
not strong enough to overcome this repelling action of the grid, the tube 
remains cut off. When the plate voltage increases to a point where it is 
strong enough to cancel the repelling action of the grid, the tube will con¬ 
duct. What happens is that electrons are now able to penetrate the negative 
field set up by the grid and thus flow to the plate. As the electron flow to 
the plate starts, collisions occur between the gas molecules and the fast- 
moving electrons. The collisions knock out electrons from the atom 
structure of the gas, and the gas atoms become positively ionized. The 
positive ions rush to the negative space region, capturing many electrons 
and thus greatly reducing the size of the space charge. A greatly di¬ 
minished space charge will no longer inhibit the full emission capability of 
the cathode. As a result, a heavy plate current flow may be realized. 
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THE THYRATRON GAS TUBE 


When the Tube Fires, the Grid Loses Control 
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When the tube fires, the grid loses all control over the current flow. The 
grid can neither vary the current nor can it cut off the current. 


Here is the reason why the grid becomes ineffective once plate current 
starts flowing. When initial ionization occurs, the positive ions are at¬ 
tracted to the negative grid as well as to the space charge. When enough 
positive ions have been attracted to the grid structure, they surround the 
grid and effectively cancel the negative field of the grid. The result is 
that the grid is neutralized as long as the tube remains conducting. The 
grid is effectively not in the circuit at all. The tube, therefore, acts like 
a diode with the plate having complete control over the current flow. 
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THE THYRATRON GAS TUBE 


Plate Current Varies With Plate Voltage 


During the conduction period, the plate current can be varied by varying 
the plate voltage. The plate current will be directly proportional to the 
plate voltage—increasing when the plate voltage increases and decreasing 
when the plate voltage decreases. The diagram shows a picture of a sine 
wave of voltage applied to the plate of the thyratron. The plate current 
waveform is also shown. Observe that plate current does not start to flow 
until the ionization voltage is reached. At this voltage the positive plate 
is strong enough to overcome the negative field of the grid and the tube 
fires. During the firing period, the plate current varies with the plate 
voltage as shown. As the plate voltage starts dropping, it reaches a point 
where ionization of the gas can no longer be maintained and the tube cuts 
off. The point where the tube cuts off is called the de-ionization voltage. 
As- the plate voltage goes negative, the tube cannot conduct because the 
plate must be positive in order to attract electrons to it. Notice that, al¬ 
though the plate voltage is AC, the plate current is pulsating DC. 









































THE THYRATRON GAS TUBE 


The Critical Grid Voltage Curve 

The point at which the thyratron tube fires can be controlled by adjusting 
the grid voltage. If it is desired that the tube fire later in the cycle of the 
plate voltage, the grid bias can be increased. The result is that the tube 
will now require a larger plate voltage than previously, before the tube 
fires. If it is desired that the tube fire earlier in the cycle of the plate 
voltage, the grid bias can be decreased. Now the plate voltage required 
for breakdown ig less than it was before. It is obvious that it is the com¬ 
bination of the grid and plate voltages which determines the firing point of 
the tube. 

For every value of plate voltage, there exists a maximum value of grid 
bias below which the tube cannot fire. This maximum bias voltage is 
called the critical grid bias. If the plate voltage is constant, the critical 
grid bias is constant. If the plate voltage varies, the critical grid voltage 
will vary. The diagram illustrates how the critical grid voltage varies as 
the plate voltage varies in a sinusoidal manner. Notice that for very low 
values of plate voltage the critical grid bias is positive. As the plate volt¬ 
age increases, the critical grid bias increases in a negative direction. The 
critical grid voltage for every value of plate voltage can be determined by 
drawing a line vertically downward from the voltage point in question until 
this line crosses the critical voltage curve. 
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THE THYRATRON GAS TUBE 


Varying Firing Time by Varying Bias Voltage 

One way to vary the firing time of a thyratron is to vary the bias voltage. 
The firing point is determined by the intersection point of the bias line 
with the critical grid bias curve. You can see how the firing time is ad¬ 
vanced or retarded as the grid bias is varied. The conducting period of 
the plate current for each firing point is also shown. Observe that the 
total current which flows depends upon the firing point which in turn de¬ 
pends upon the bias voltage. In other words, the grid voltage controls the 
point in the cycle where the tube fires. In so doing, the grid controls the 
total amount of plate current that flows during each positive cycle of the 
plate voltage. > 

By varying the grid bias you can only delay the firing time up to 90 de¬ 
grees. At the 90-degree point, the grid bias line ("D") is just touching the 
most negative tip of the critical grid bias curve as shown. If the grid bias 
is increased ("E"), the bias line never intersects the critical grid bias 
curve and, therefore, the tube will never fire. 
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A THYRATRON MOTOR CONTROL CIRCUIT 


A THYRATRON MOTOR CONTROL CIRCUIT 


A Practical Circuit Using DC Grid Voltage 

A practical application of a thyratron circuit in which the plate current is 
controlled by varying the grid bias is in DC-motor control circuits. 
From your study of the thyratron up to this point, you know that the bias 
voltage can either cut the tube off completely or else make it fire for 
varying durations. If the armature of a DC motor is placed in series with 
the plate circuit, the armature current can be varied from zero to a maxi¬ 
mum simply by varying the bias voltage. In this manner the motor can be 
turned on or off and its gpeed can be varied. 



A THYRATRON MOTOR CONTROL CIRCUIT 
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A THYRATRON MOTOR CONTROL CIRCUIT 


A Practical Circuit Using DC Grid Voltage (continued) 



When the potentiometer sliding tap is all the way over to the left at point 
A, the bias is a maximum and the tube never fires. The motor does not 
turn. Moving the center tap to point B decreases the bias and firing takes 
place at the 90-degree point. The motor turns at medium speed. Moving 
the center tap to point C decreases the bias to zero and firing takes place 
almost at zero degrees as shown. Since the tube is now conducting maxi¬ 
mum current,the motor rotates at maximum speed. Observe that the cur¬ 
rent flowing through the motor armature is pulsating DC. 















A THYRATRON MOTOR CONTROL CIRCUIT 


A Practical Circuit Using AC Grid Voltage 

Another way to vary the firing point of the thyratron is to apply an AC volt¬ 
age to the grid. By varying the amplitude of the AC signal, the thyratron 
can be made to fire anywhere from zero to 90 degrees. The AC signal is 
applied 180 degrees out of phase with the plate voltage as illustrated. For 
a low amplitude signal, firing occurs at point A early in the cycle. As the 
amplitude of the signal increases, the firing point is delayed more and 
more. When the signal reaches the amplitude at point C, the firing point 
is delayed to 90 degree's, its maximum amount. As the amplitude of the 
signal increases beyond point C, the signal curve no longer crosses the 
critical grid vbltage curve and the tube does not conduct at all. 


The two methods of varying the firing point of a thyratron described so far 
are known as "amplitude control." 

A thyratron motor control circuit using an AC signal on the grid is shown. 
The voltage and current waveforms are also illustrated. 
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THYRATRON SERVO AMPLIFIER USING AMPLITUDE CONTROL 


Zero Error Signal 




So far the thyratron motor control circuits that have been described can 
only rotate the motor in one direction. Since servo amplifiers are re¬ 
quired to rotate a motor in either direction, you will now study a revers¬ 
ible thyratron motor control circuit. Such an amplifier circuit is called 
a bi-directional system. 


In order for a circuit to be bi-directional, it must contain at least two 
thyratron tubes which supply armature current to the motor m opposite 
directions. The circuit must be designed so that, when the error input 
signal is of a certain phase, only one thyratron tube will fire U both 
grids are sufficiently positive to fire the tubes on both halves of the cycle, 
the motor armature will have an alternating current flowing through it 
and serious damage to the DC motor may result. 


The illustration shows the schematic of a thyratron servo amplifier using 
amplitude control. E cc is the DC bias voltage for both stages Its Purpose 
is to prevent the tubes from firing when there is no signal input. The 
plate voltage reference transformer, T-2, is hooked up so that.the plate 

voltages Ebbl and E bb2 are out of PtosC' T_1 > the input tr ansfo f ™ eT > 
hooked up so that the grid signals E sl and E s2 a re in phase with each 
other. With no signal input from the control transformer, neither tube 
will conduct since the bias voltage line lies much below the critical grid 
voltage curve as shown. 
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THYRATRON SERVO AMPLIFIER USING AMPLITUDE CONTROL 


Error Signal Input 

When the input signal is of such a phase that it makes E s j in phase with 
Ebbl> and e s 2 out of P^se with E bb2> the following happens. Tube V-l 
will conduct on the positive alternations of its plate voltage, and tube V-2 
will not conduct at all. 

Observe the illustrated waveforms. Notice that Eg- intersects the criti¬ 
cal grid voltage curve when the plate voltage of V-r is positive. V-l will 
therefore fire. Grid signal E S 2 , however, intersects the criticalgrid volt¬ 
age curve when the plate voltage of V-2 is negative. The tube cannot fire 
when its plate' is negative. When the plate of V-2 is positive, the grid 
signal E S 2 is going negative and never cuts the criticalgrid voltage curve. 
As a result, V-2 never fires when the phase of the signal is as shown. 

The firing point of V-l depends upon the amplitude of the grid signal. 
Three different firing times (A, B and C) are shown for three different 
amplitudes of grid signal. The plate current waveform for the three firing 
times is also shown. The speed of the DC motor will vary with the total 
armature current, which in this case is the total plate current flow of V-l. 
The speed of the motor therefore depends upon the firing point or the 
amplitude of the error signal. 

Notice that the maximum delay in f iring can be no greater than 90 degrees. 



































THYRATRON SERVO AMPLIFIER USING AMPLITUDE CONTROL 


Error Signal Input (continued) 



When the error signal reverses in phase, V-2 will conduct and V~1 will 
remain cut off. Now E s i is out of phase with Ebbl, and E S 2 is in phase 
with Euv,o as shown. Notice that the waveforms for V-l and V-2 have simply 
been excnanged. In other words, V-2 now acts just like V~1 did before the 
error signal reversed in phase. The current flows through the motor in 
the direction opposite to that which it did before. As a result, the motor 
will reverse in rotation. The speed of .the motor will, in this case, also 
depend upon the amplitude of the error signal. This is as it should be 
since you would expect the motor in a servo system to rotate faster for a 

big error signal than for a small error signal. 
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PHASE SHIFT CONTROL FOR SERVO AMPLIFIERS 


The Advantages of Phase Shift Control 


The two discussed methods of controlling the thyratron firing point by us¬ 
ing a varying amplitude AC grid signal are examples of "amplitude con¬ 
trol." In amplitude control it is the strength of the grid voltage that con¬ 
trols the firing point of the thyratron. 


There is one limitation to amplitude control. The firing point can only be 
controlled up to 90 degrees or the first half of the positive alternation of 
the plate voltage. There is no way to delay the firing time beyond 90 de¬ 
grees. If it is desired to control the firing time over the entire 180 de¬ 
grees of the positive plate voltage alternation, another method of control¬ 
ling the firing point must be devised. This other method is called "phase 
shift control." With phase shift control, the tube can be made to fire at any 
time during the positive alternation of the plate voltage. 


You will find both amplitude and phase shift control circuits used in practi¬ 
cal servo amplifiers. The type of control circuit that is used will depend 
upon the requirements of the servo amplifier. 








































PHASE SHIFT CONTROL FOR SERVO AMPLIFIERS 


How It Works 

In phase shift control an AC signal is applied to the grid just as in ampli¬ 
tude control. However, in phase shift control the grid signal is shifted in 
phase with reference to the plate voltage. By shifting the phase of the 
grid signal, the firing point is delayed or advanced depending upon the 
amount of phase shift of the grid signal. This can be illustrated by the 
following diagrams: 


The grid signal is 180 degrees out of 
phase with the plate voltage. It is 
apparent that the tube willnever fire. 



The grid signal is 150 degrees out 
of phase with the plate voltage. The 
firing point is delayed until late in 
the positive alternation. Very little 
plate current will flow. 



The grid signal is 100 degrees out 
of phase with the plate voltage. The 
firing point occurs at the halfway 
mark of the positive alternation. 



The grid signal is 30 degrees out of 
phase with the plate voltage. The 
firing point occurs very early in the 
positive alternation. A large amount 
of plate current will flow. 



The above four diagrams show you the nature of phase shift control. They 
indicate to you that phase shift control can vary the firing time over the 
entire positive alternation. The next thing to find out is how the grid sig¬ 
nal can be shifted in phase. 


2-53 




















































PHASE SHIFT CONTROL FOR SERVO AMPLIFIERS 


How a Phase-Shifted Signal Is Produced 

A way to shift the phase of the grid signal in a servo amplifier is to com¬ 
bine the error input voltage with a reference voltage. The reference 
voltage is of constant amplitude and its phase is fixed at either 90 degrees 
or 120 degrees relative to the plate voltage. The symbol for the reference 
voltage is Ec- A reference voltage of 120 degrees phase shift relative to 
the plate can be obtained by taking E c and Ebb from two different phases 
of a three-phase supply, as shown in the following illustrations. 

A hookup is illustrated for connecting the reference voltage, E c , and the 
error voltage, R s , into the grid circuits of a bi-directional amplifier. 
Signals E c and E s are combined in the primary of transformers T-3 and 
T-4 and transformer-coupled to the grids of V-l and V-2. The trans¬ 
formers are so hooked up that the error signal E s is applied in phase to 
the grids and the reference signal E c is applied out of phase to the grids. 
The resultant waveforms, Eg, on the grids of the tubes will be the graphi¬ 
cal addition of the waveform E s and E c . The illustrated waveforms show 
how Eg and E c add together at every point to give the resultant wave Eg— 
which is the resultant grid signal. 
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PHASE SHIFT CONTROL FOR SERVO AMPLIFIERS 


How E s and E c Combine to Give Eg 


You will now see in graphical form how the variable amplitude signal 
voltage, E s , and the reference voltage, E c , combine graphically to pro¬ 
duce a resultant voltage, Eg, whose phase is shifted in reference to the 
plate voltage. 


You see here the graphical condition 
when there is no error signal input. 
The reference voltage E c is then the 
total grid signal. It lags the plate 
voltage waveform by 120 degrees as 
shown. Observe that thefiring point 
occurs late in the cycle. 


0 


With the addition of a small amplitude 
error signal in phase with the plate 
voltage, the lagging phase angle of the 
resultant grid signal is decreased. 
Now the firing point occurs earlier. 


0 


As the amplitude of the error signal 
increases, the lagging phase angle of 
the error signal decreases more and 
more. Now the firing point occurs 
even earlier. 


0i 


If the phase of the error signal is 
reversed relative to the plate volt¬ 
age, the firing point will occur very 


0 


late as illustrated. 



You have seen how in phase shift control the amplitude of the error signal 
E s determines the phase shift of the resultant grid signal, Eg. Since the 
amount of phase shift determines the firing point, you can say that the am¬ 
plitude of E s determines the firing point. 
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THYRATRON SERVO AMPLIFIER USING PHASE SHIFT CONTROL 


Zero Error Signal 

You now will study a basic thyratron bi-directional motor control circuit 
using phase shift control. The circuit is similar to the one illustrated 
previously for amplitude control. The input circuit is the phase shift 
network that you have just studied. 

Observe that the plate voltage and reference voltage are taken from two 
different phases of the three-phase AC power system. As a result, the 
reference voltage E c will be 120 degrees out of phase with the plate volt¬ 
age. The secondary windings of transformer T-5 are so hooked up that 
the AC voltages pn the plates of V-l and V-2 are out of phase. 

With no error signal input, the grid signal Eg is equal to the reference 
signal Ec. Notice that both tubes fire late at the same point on alter¬ 
nate half cycles. The result is that small equal pulses of current will 
flow through the motor, first in one direction and then in the other. 

Since the pulses of current are equal, the motor will not rotate. 
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THYRATRON SERVO AMPLIFIER USING PHASE SHIFT CONTROL 


Error Signal Input 

Assume that the error signal input is of such a phase that Esl is in phase 
with Ebbi and E s 2 is out of phase with Ebb2* The error signal E s jwill 
combine with E c i to produce a grid signal Egi which will cause V-lto 
fire early as shown. At the same time E S 2 will combine with E C 2 to pro- 
duce a grid signal Eg2 which will cause V-2 to fire late. The plate cur¬ 
rent, Ii, will now flow for a longer duration than plate current I 2 . The 
direction of rotation of the motor will therefore be determined by the 
larger current, Ij, and the speed of rotation will be determined by the 
amplitude of the error signal. 
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THYRATRON SERVO AMPLIFIER USING PHASE SHIFT CONTROL 


Error Signal Input (continued) 

When the error signal reverses in phase, E s j will be out of phase with 
Ewjl, and E S 2 will be in phase with Ebb2- The resultant grid signal E g i 
will cause V-l to fire late, and the resultant grid signal E g 2 will cause 
V-2 to fire early. The plate current I 2 will flow for a longer duration 
than plate current Ii. The direction of rotation of the motor will now 
be determined by the large current I 2 , and the motor will rotate in the 
opposite direction. 

















































































THE WARD-LEONARD CONTROL SYSTEM 


THE WARD-LEONARD CONTROL SYSTEM 


When It Is Used 



Input 

power 


Constant 
speed and 
direction 
of rotation 



Generator Motor 
field field 


1 

O 



Output 

power 


Varying 
speed and 
reversible 
rotation 


From servo amplifier 
DC of variable amp- 
plitude and reversible 
polarity 



fixed supply 



Up until now you have studied servo amplifiers which directly supply the 
armature current of a DC motor and thus control its speed and direction of 
rotation. The first groups of amplifiers you studied used vacuum tubes to 
supply power to the servo motor. You found that servo amplifiers employ¬ 
ing vacuum tubes are used in low power applications. For somewhat larger 
power requirements, servo amplifiers employing thyratron gas tubes are 
used. For very large power requirements, it becomes impractical to use 
tubes to supply power directly to the heavy-duty DC motor. In this case a 
DC generator would be used to supply the large armature current. Since 
the output of a DC generator can be changed by varying its field current, a 
servo amplifier can be used to control the relatively small generator field 
current and thus indirectly control the output to the servo motor. 

One such system using a DC motor powered from a DC generator, whose 
output is controlled by a servo amplifier, is called a Ward-Leonard control 
system. You will now study the operation of such a system. 
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THE WARD-LEONARD CONTROL SYSTEM 


Block Diagram 



A servo containing a Ward-Leonard control system is illustrated in block 
diagram form. The servo amplifier may be one of the vacuum tube ampli¬ 
fiers which you have studied. The servo motor is supplied with armature 
current by a DC generator which is rotated at a fixed speed by a constant 
speed motor. The field winding of the DC generator is in the output circuit 
of the servo amplifier. Since the power output of the DC generator is re¬ 
lated directly to the density of the magnetic field generated in the field 
winding, the output of the generator can be controlled by varying the gen¬ 
erator field current. This is the job of the servo amplifier. The servo 
amplifier will vary the DC generator field current as the amplitude of the 
error signal varies. This will cause the servo motor spfeed to vary. When 
the phase of the error signal reverses, the polarity of the DC output from 
the servo amplifier reverses. As a result, the magnet field in the genera¬ 
tor will build up in the opposite direction and the polarity of the DC output 
from the generator will reverse. The servo motor will then reverse 
its rotation. _ ^ 






















THE WARD-LEONARD CONTROL SYSTEM 


Comparing It to an Electronic Power Amplifier 

The action of the Ward-Leonard system can be compared to that of an elec¬ 
tronic amplifier, since, in both cases, a very small amount of power can 
be used to control large amounts of power. In the Ward-Leonard system 
the controlling power is the relatively small amount of power required to 
excite the generator field. The controlled power is the large power output 
of the DC generator. The Ward-Leonard system therefore has a power 
gain just as a power amplifier tube has a power gain. In the case of the 
power amplifier tube, th„e B+ supply is the power input to the amplifier and 
the grid signal controls this input power, converting it to useful power out¬ 
put. In the cask of the Ward-Leonard system, the input power to the gen¬ 
erator is the mechanical power supplied by the constant speed motor which 
drives the generator. The generator field current supplied by the servo 
amplifier is the controlling signal which converts this mechanical power 
input into useful power output. The Ward-Leonard system is therefore 
called a dynamo electric-power amplifier. 
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THE WARD-LEONARD CONTROL SYSTEM 


Using Two DC Generators 


1st STAGE MAIN DC 2nd STAGE 

AMPLIFICATION GENERATOR AMPLIFICATION 
r — A — ■ -n FIELD / —*-v 




A WARD-LEONARD 1 
SYSTEM USING TWO DC 
GENERATORS 


For very large power applications the previously discussed Ward-Leonard 
system can be modified so that the power gain of the system will be greatly 
increased. The way to do this is to add a small DC generator into the cir¬ 
cuit. The new generator is called an exciter; its function is to provide the 
large field excitation current required by the main DC generator. This 
system actually has two stages of power amplification. The exciter is the 
first stage of amplification and the main DC generator is the second stage 
of amplification. The small power DC control signal from the servo am¬ 
plifier supplies the exciter field winding with DC current. The output of 
the exciter is a larger DC current which energizes the field winding of the 
main DC generator. The output from the main DC generator is a very large 
DC currentwhich energizes the armature of the heavy-duty DC servomotor. 
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THE WARD-LEONARD CONTROL SYSTEM 


Some Applications 

A two-stage Ward-Leonard system is capable of large amounts of power 
gain and, therefore, can be used in applications which require remote con¬ 
trol over heavy-duty DC motors. Ward-Leonard motor control systems 
find extensive application in hoists and elevators, diesel electric equip¬ 
ment, ship propulsion, radar antenna positioning, etc. 
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THE WARD-LEONARD CONTROL SYSTEM 


Block Diagram for Positioning Servo 


Antenna 



The illustration shows in block diagram form an antenna-positioning servo 
using a two-stage Ward-Leonard system. When the CT and the synchro 
generator are in correspondence, there will be no output from the servo 
amplifier. The field of the exciter will not be energized, and the exciter 
will not energize the field of the main generator. With no field excitation, 
the DC generator will not supply armature current to the servo motor and 
it will not rotate. A rotation of the hand crank will provide an output from 
the servo amplifier which will energize the field of the exciter. The ex¬ 
citer will now generate a DC output which will energize the field of the 
main DC generator. The DC generator will now produce a power output and 
the servo motor will rotate. In this manner, by varying a small field cur¬ 
rent, a smooth, flexible and very stable control can be maintained over the 
speed and direction of a heavy-duty DC servo motor. 
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THE AMPLIDYNE 


When It Is Used 


The Ward-Leonard motor control has a number of shortcomings in cer¬ 
tain applications. When the Ward-Leonard motor control is required to 
provide very large power gains, the system becomes very cumbersome 
because the exciter and main DC generator take on very large propor¬ 
tions. This is a decided disadvantage when space is critical. Also, many 
heavy-duty servo systems cannot tolerate a time lag in the response of 
the system to an error signal input. Since a heavy-duty Ward-Leonard 
system will have a big exciter and a big main DC generator, there will 
be an inherent time lag in the system due to the mechanical inertia of 
the heavy armatures. It, therefore, would be desirable to have a unit 
which does the job of the Ward-Leonard motor control system without 
suffering any of its disadvantages. Such a unit has been developed and it is 
is called the "amplidyne." 
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THE AMPLIDYNE 


What It Can Do 


The amplidyne is a special type of DC generator which is capable 
of tremendous power gain. Because of this feature and also because’ 
of its fast response, it has supplanted the Ward-Leonard motor drive in 
many applications. 

Before you go into the theory of operation of the amplidyne, you should be 
given some idea of what it is and what it can do. The amplidyne is actually 
a DC generator with a number of modifications which give it its unique pow¬ 
er amplification. It is hard to believe but the amplidyne is capable of pow¬ 
er amplification* of more than 10,000 times. This means that with a very 
small electrical signal input, the amplidyne will immediately release many 
kilowatts of useful power output. 

Just to give you an idea of what a control system can do using an ampli¬ 
dyne, you see here in block diagram form an amplifier, an amplidyne and a 
main DC generator—all working together to generate tremendous power 
output. The power gain of each section of the servo system is indicated 
under each respective block. Notice that the overall gain of the entire sys¬ 
tem is 250 million! The gain of the amplidyne alone is 10,0001 An error 
input signal of 0.001 watt will generate 250 kilowatts across the output of 
the main DC generator 1 


Since the amplidyne finds such wide application as an electrodynamic 
power amplifier in servo systems, you are going to spend these next 
few pages finding out how it works. 
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THE AMPLIDYNE 


How It Works 

Brush 



Since the amplidyne is a modified DC generator, you should first review 
the operation of a conventional DC generator. Then you will analyze the 
changes that convert a conventional DC generator into an amplidyne. 

The illustration shows a very simplified view of a conventional DC gener¬ 
ator, which is supplying a load with 100 amperes at 100 volts for 10 kilo¬ 
watts power output. The field coil is supplied with 100 watts of power at 
five amperes from a 20-volt source. The field current of five amperes 
flowing through the field coil generates the excitation flux. The direction 
of the excitation flux is across the armature from left to right, as shown. 
The rotating armature cuts through the excitation flux and generates a volt¬ 
age across the brush terminals. The excitation flux is therefore serving a 
useful purpose in the operation of the generator. The load current of 100 
amperes in flowing through the armature conductors will also generate a 
magnetic field called the "armature reaction flux." This armature reac¬ 
tion flux is of about the same strength as the excitation flux and lies at 
right angles to it. 

Two things are apparent with the conventional DC generator: (1) The 
armature reaction flux is not serving any useful purpose, and (2) the ex¬ 
citation power required to produce the 10 kilowatts of power output is 
quite large (100 watts). 

Remembering that we want to modify the conventional DC generator so that 
we can control a large power output with a small controlling power, let us 
proceed to determine what can be done in this connection. 
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THE AMPLIDYNE 


How It Works (continued) 


Suppose the load is removed from across the output of the armature and a 
short circuit is put in its place. It is obvious that the armature current 
will rise to tremendous proportions, being limited only by the internal re¬ 
sistance of the armature winding. If the internal resistance of the arma¬ 
ture winding is 0.01 ohm, the short circuit current would attempt to rise 


to 10,000 amperes (I 


E 

R 


100 

Ol 


10,000 A). If nothing is done to limit this 


increase in armature current, the armature winding will burn up. The way 
to prevent this from happening is to greatly decrease the excitation flux. 
This can be accomplished by decreasing the field current. If the field cur¬ 
rent is decreased by 1/I00(from 5 amperes to 1/20 of an ampere),the ex¬ 
citation flux will be reduced by the same amount and so will the voltage 
generated across the armature terminals. The generated voltage will con¬ 
sequently drop from 100 volts to 1 volt, and the armature current will come 
back to its original amount of 100 amperes. The situation now is that the 
excitation power has been reduced from 100 watts to 1 watt, leaving the 
armature current and the armature reaction flux the same as they were 
before. Notice that, although the excitation power is extremely small, it 
still controls the large armature reaction flux. The armature reaction flux, 
however, is still not being put to any useful work. 
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THE AMPLIDYNE 


How It Works (continued) 

Since the conductors of the rotating armature winding cut through the arm¬ 
ature reaction flux, a voltage will be induced in these conductors in the 
same way as when the conductors cut through the excitation field. If you 
refer back to the diagram of the conventional DC generator, you can see 
that the excitation flux is put to useful work when the brushes are posi¬ 
tioned in the center of the excitation flux loops. Why not, therefore, put 
the armature flux to work by placing another set of brushes in the center 
of the armature 'reaction flux loops, and thus draw off current for an ex¬ 
ternal load? This is exactly what is done. Since the armature flux is just 
as large as the original excitation flux, 100 volts will be generated across 
the new brushes. If the load is the same as before, it will draw 100 am¬ 
peres for a power consumption of 10 kilowatts. The new brushes are ac¬ 
tually connected to the load in series with a compensating winding. The 
purpose of the compensating winding is to neutralize any tendency of the 
load current to produce a second armature reaction flux which will be in 
opposition to the control excitation flux. 

By the simple expedient of adding another set of brushes at right angles to 
the short circuit brushes, we have been able to put the armature reaction 
flux to useful work. 

The modification of the conventional DC generator to a high gain dynamo- 
electric power amplifier is now complete. The modified DC generator is 
now called the amplidyne. 
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THE AMPLIDYNE 



Review 

Suppose you review what was done 

to convert the DC generator to 

the amplidyne. 

A. Decreasing the Field Excita¬ 
tion Power 

1. A short circuit is placed a- 
cross the armature . output. 
This immediately increases 
the armature^ current. 

2. The field excitation is de¬ 
creased by 1/100 until the 
shorted armature carries 
the same current as the load¬ 
ed armature. Since the cur¬ 
rents are the same, the arm¬ 
ature flux fields have the 
same strength. 

3. The shorted armature now 
produces the same flux as 
the loaded armature but with 
only one-hundredth as much 
field excitation. 


that moves MOUNTAINS 




B. Putting the Armature Reaction Flux to Work 

1. Since the armature winding cuts through its own armature flux, an in¬ 
duced voltage will be generated. 

2. This induced voltage can be put to useful work by adding another set of 
brushes and placing the load across these brushes. The load now draws 
the same power as before but with only one watt of field excitation as 
compared to the 100 watts required with the conventional DC generator. 
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THE AMPLEDYNE 


Large Power Amplification 

The term "power amplification" has 
the same meaning for dynamo - 
electric generators as it has for vac¬ 
uum tube amplifiers. Power ampli¬ 
fication is the ratio of the power 
output to the controlling power input 
required to produce this output. Our 
conventional DC generator of the pre¬ 
vious discussion had a power output 
of 10 kilowatts for a field power in¬ 
put of 100 watts. The power ampli¬ 
fication of the generator is, there¬ 
fore, 100. 




D© a ®@© 


POWER 

AMPLIFICATION 


When the generator was converted 
to the amplidyne, shown schemati¬ 
cally in the above illustration, the 
field power required to produce the 
10 kilowatts output was reduced 
from 100 watts to 1 watt. The power 
amplification of the amplidyne is, 
therefore, 10,000! This is truly a 
remarkable figure. The most sen¬ 
sitive vacuum tube can never even 
begin to approach a gain of 10,000. 
It is no wonder that the amplidyne 
is called "the short circuit that\ 
moves mountains." 
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THE AMPLIDYNE 


Large Power Amplification (continued) 


Suppose you see how the 
amplidyne controls the pow¬ 
er output when the control 
power input to the field 
winding varies. If the field 
current is suddenly in¬ 
creased from 1/20 ampere 
to 1/10 ampere, the load 
current will almost instan¬ 
taneously rise |rom 100 
amperes to 200 amperes. 


INPUT INCREASES 
‘j] watt to ^ watts 




POLARITY 

OF 

THE 


OUTPUT INCREASES 

f)©lcw to 4i© kw 


CONTROL 


FIELD 

INPUT 


Translating this in terms of power—since the currents have doubled, the 
powers will have quadrupled. In other words, by increasing the field pow¬ 
er from 1 watt to 4 watts, the output power is raised from 10 kilowatts to 
40 kilowatts. 

The power output from the amplidyne will always be proportional to the 
power input into the control field. It must also follow that the polarity 
of the output will depend upon the polarity of the control field input. 
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THE AMPLIDYNE 


Block Diagram 

You will now see how the amplidyne can be used as a motor controller 
in a servo system. The block diagram illustrates a general type of servo 
system which uses an amplidyne generator to drive a DC servo motor. 
Observe that the amplidyne control field is split into two separate wind¬ 
ings which connect to the output of a DC servoamplifier. The DC servo 
amplifier could be the one studied previously with slight modifications, 
as shown. With no signal input from the control transformer, the plate 
currents flowing through coils 1 and 2 are equal but opposite in direc¬ 
tion. As a result, the magnetic fields generated in the split windings 
are equal and opposing and, therefore, cancel each other out. With no 
excitation field, there can be no output from the amplidyne. The mo¬ 
ment there is a signal input to the servo amplifier the outputs from tubes 
V-l and V-2 becomes unbalanced. Consequently the magnetic field in 
one coil will be stronger than in the other. The amplidyne amplifies this 
difference in magnetic field strength and produces a large power output 
which drives the servo motor to the right or left. The direction of ro¬ 
tation will be determined by the polarity of the error signal input from 
the control transformer. The speed of rotation will be determined by 
the amplitude of the error signal. 
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THE AMPLIDYNE 


The Complete Amplidyne 

You have just finished studying the amplidyne generator in its basic design. 
In actual application, the amplidyne may be more complex than has been 
described in these sheets. For example, the amplidyne may have more 
than two control windings. In some industrial applications,as many as four 
fields are used, which allow four independent signals to control the output. 
The four signals produce four fields which combine in the field core to pro¬ 
duce one resultant field, which is acted upon by the amplidyne. 

An additional compensating winding is very often wound next to the regular 
compensating winding. Its purpose is to counteract any changes in the air 
gap between the field poles and the armature when the armature is re¬ 
placed. If the air gap is changed, this additional winding can be connected 
to aid or oppose the regular winding and thus keep the control field at its 
proper strength. 

The amplidyne also has a small AC magneto type generator called a "killer 
generator" mounted on the amplidyne armature shaft. It has a permanent 
magnet armature rotating between small field coils. The AC voltage in¬ 
duced in these field coils is applied to a demagnetizing winding, wound in 
the same position as the control winding. The function of the demagnetiz¬ 
ing winding is to remove any residual magnetism left by the control or 
compensating windings. If the residual magnetism is not eliminated, it will 
cause the amplidyne to provide an output even when the error signal input 
to the servo amplifier drops to zero. This would cause the servo system 
to oscillate, which is undesirable. 
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THE AMPLIDYNE 


Industrial Application 

In addition to its military applications, the amplidyne 
finds extensive application in the field of industry. 

The amplidyne is very often used for voltage con¬ 
trol in industry. When used with a regular cir¬ 
cuit, the amplidyne will supply a constant ex¬ 
citation for generators whose output voltage 
is thus kept constant. 

The amplidyne is used for current control. 

In this application, the amplidyne supplies 
a constant current to a motor or genera¬ 
tor even if the speed of the motor or the 
load on the generator changes. 

The amplidyne is used for speed con¬ 
trol of industrial machinery. 

These and many other applications 
make the amplidyne generator an 
important factor in industry. 














































THE AC SERVO MOTOR 


Comparing AC and DC Servo Motors 

The controlling systems that you have studied to date used DC servo am¬ 
plifiers to drive DC servo motors. The advantage to be gained in using 
DC servo motors was that wide variations in driving speeds could be at¬ 
tained. Also, for heavy-duty operation, DC power amplifiers,like the am- 
plidyne, could be used to supply varying amounts of power to the heavy-duty 
DC servo motor. 

AC motors ordinarily cannot meet wide speed range requirements as can 
the DC motor. However, for small speed range requirements and low pow¬ 
er applications, the AC motor is preferred over the DC motor. One advan¬ 
tage is that the AC motor requires a comparatively simple servo amplifier 
when a source of AC power is available. 

The AC motor which is most commonly used in low power servos is the 
two-phase induction motor. A number of examples of low power servos 
employing two-phase induction motors are those used in computers, in ra¬ 
dar automatic tracking circuits and in circuits which.are used to turn CRT 
deflection coils. 


You are now going to study the characteristics of the two-phase induction 
motor. Knowing these characteristics, you will be able to understand more 
easily the operation of the AC servo amplifiers which drive the two-phase 
induction motor. 

A _ 

the VC SERVO MOTOR 

• High Power 

• Wide Speed Range 
Applications 



the AC SERVO MOTOR 


• Low Speed Range 
Applications 






















THE AC SERVO MOTOR 


The Two-Phase Induction Motor 


The diagram illustrates a simplified 
cross-section view and a circuit diagram 
of a two-phase induction motor. The sta¬ 
tor of the motor consists of two similar 
windings which are positioned at right an¬ 
gles to each other. The rotor may be 
wound with short circuited turns of wire 
or it may be a squirrel cage rotor. The 
squirrel cage rotor is most common and 
is made up of heavy conducting bars which 
are set into armature slots, the bars being 
shorted by conducting rings at the ends. 



Short-circuited 
Rotor Winding 



You will rememberfrom your study of AC motors that,in order for the mo¬ 
tor to turn, two AC voltages 90 degrees out of phase are applied to the sta¬ 
tor windings. These out-of-phase voltages generate a rotating magnetic 
field which induces a voltage in the rotor by transformer action. This in¬ 
duced voltage generates a magnetic field in the rotor which is displaced 
90 degrees from the stator magnetic field. The interaction of these two 
magnetic fields causes the armature to rotate. 

You will now learnhow a rotating magnetic field can be produced by apply¬ 
ing 90-degree, out-of-phase voltages to two stator coils whose axes are 
physically displaced 90 degrees. 
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THE AC SERVO MOTOR 


Generating the Rotating Magnetic Field 


If the voltages applied to coils A 
and Bare 90 degrees out of phase, 
the currents that will flow will 
also be displaced by 90 degrees. 
Since the magnetic fields gener¬ 
ated in the coils >yill be in phase 
with their respective currents, 
the magnetic fields will also be 
displaced 90 degrees with respect 
to each other. The two magnetic 
fields will add together at every 
instant during their cycle to pro¬ 
duce one resultant field which 
will rotate one revolution for 
each cycle of the AC. 
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The diagram shows a graph of the two magnetic fields which are displaced 
90 degrees in phase. At the zero-degree point corresponding to position 1, 
the magnetic field in coil B is zero and the magnetic field in coil A is a 
maximum. The resultant magnetic field will, therefore, point in the direc¬ 
tion of the coil A axis. At the 45-degree point corresponding to position 2, 
the resultant magnetic field will point midway between coils A and B since 
the magnetic fields in coils A and B are equal. At the 90-degree point, the 
magnetic field in coil A is zero and the magnetic field in coil B is a maxi¬ 
mum. The resultant magnetic field will now point in the direction of the 
coil B axis as shown. It is obvious that the resultant magnetic field must 
have rotated through 90 degrees in order to get from position lto position 3. 



2-81 























THE AC SERVO MOTOR 


Generating the Rotating Magnetic Field (continued) 

At the 135-degree point corresponding to position 4, the magnetic fields are 
again equal. However, the magnetic field in coil A has reversed its direc¬ 
tion. The resultant magnetic field, therefore, lies midway between the 
magnetic field axes and points in the direction as shown. 

At the 180-degree point corresponding to position 5, the magnetic field in 
coil B is zero, and the magnetic field in coil A is a maximum. The result¬ 
ant magnetic field will, therefore, lie in the direction of the coil A axis and 
will point down as shown. 

You have just 1 seen how a resultant magnetic field is caused to rotate 
through a half revolution for the first half cycle of the AC input to the field 
coils. You should have no trouble figuring out how the resultant magnetic 
field will complete one full revolution for the remaining half cycle of the 
AC input. 


1 3 5 7 9 
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THE AC SERVO MOTOR 


How the Magnetic Field Causes the Rotor to Turn 



As the magnetic field rotates, it cuts through 
the short-circuited conductors on the armature 
and induces a voltage in them. The induced 
voltage will cause a current to flow in these 
conductors. Whenever current-carrying con¬ 
ductors exist in a magnetic field, motor action 
results, and a turning force is exerted on the 
conductors in the same direction as the ro¬ 
tating magnetic field. The armature of the 
motor, therefore, starts rotating. 

In order to reverse the direction of 
rotation of the motor, the current 
flowing in either one of the coils 
must be reversed. This will re¬ 
verse the direction of rotation of 
the magnetic field and the rotor 
will turn in the opposite direction. 

The speed of rotation 
of the motor can be 
varied by varying the 
strength of one of the 
magnetic fields. 



You will now learn how the speed and direction of rotation of a two phase 
induction motor can be controlled by an AC servo amplifier. 






















A BASIC AC SERVO AMPLIFIER 


Block Diagram 



© using fwo-phase induction motor 


The illustration shews in block diagram form a servo system using a two- 
phase induction motor. Coil B of the two-phase induction motor is called 
the reference winding. It is excited from the AC line through a phase shift¬ 
ing network. The purpose of this network is to shift the phase of the AC 
applied to coil B by 90 degrees in reference to the line voltage. Since the 
synchro system is excited from the same AC line, the error signal which is 
applied to the AC servo amplifier will either be in phase or 180 degrees 
out of phase with the line voltage. The error signal will, therefore, either 
lead or lag the voltage applied to coil B by 90 degrees provided there is no 
phase shift in the synchro system. 

The AC servo amplifier will amplify the error signal and apply it to coil A 
of the induction motor. Since the magnetic fields in the coils are 90 de¬ 
grees out of phase, the motor will rotate in a direction to correct the er¬ 
ror through the response linkage to the control transformer. If the phase 
of the error signal is reversed, the phase of the magnetic field in coil A 
will reverse and the motor will rotate in the opposite direction. If the er¬ 
ror signal is zero, there will be no magnetic field in coil A, the magnetic 
field in coil B being the only one present. The resultant magnetic field is, 
therefore, only that generated in coil B,and no rotation of flux takes place. 
No torque is produced in the armature and the motor does not rotate. 
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A BASIC AC SERVO AMPLIFIER 


Block Diagram (continued) 

The servo system illustrated in block diagram form on the previous page 
can be modified so that the phase shift of the signal occurs in the circuits 
that energize coil A. Now coil B is connected directly to the 115-volt AC 
line and coil A receives a signal which is phase-displaced 90 degrees in 
reference to the line voltage. The modified servo is illustrated in block 
diagram form. The operation of the servo is exactly the same as the one 
described on the previous sheet. 
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You will now study the operation of some basic servo amplifiers which are 
designed to drive two-phase induction motors. 














AN AC SERVO AMPLIFIER USING THYRATRON TUBES 


Schematic 

The schematic illustrates an AC servo amplifier which can be used to 
drive a two-phase induction motor. Four thyratron tubes are used of 
which only two operate on alternate half cycles for a particular phase 
of the error signal. Transformer T-l applies the error signal input 
from the control transformer to the grids of the thyratron tubes. The 
grids are connected to a negative source of bias through the center tap 
of the secondary pf T-l. This bias will prevent any of the tubes from 
firing when there'is no signal input. Transformer T-2 applies plate 
voltage to the plates. The two secondaries of T-2 are so hooked up that 
the plates of V-l and V-4 are in phase and the plates of V-2 and V-3 
are in phase. The tubes will only fire when the plates and grids are in 
phase and positive. Transformer T-3 is the output transformer which 
energizes coil A of the induction motor. Notice that the primary of 
plate transformer T-2 goes to a source of 115 volts AC, which is 90 de¬ 
grees phase-displaced from the line voltage. The reference voltages 
applied to the synchro system are also 90 degrees phase-displaced from 
the lihe voltage. The reason for doing this is to make the signal which 
goes to coil A of the induction motor 90 degrees out of phase with the 
line voltage. Since coil B goes straight to the line, the magnetic fields 
in coils A and B will be 90 degrees out of phase every time coil A is 



You will now see how the servo amplifier drives the induction motor when¬ 
ever there is an error signal input. 
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AN AC SERVO AMPLIFIER USING THYRATRON TUBES 
Error Signal Input 

With no signal input to the servo amplifier, none of the tubes will fire and 
there will be no output to the induction motor. The motor will not rotate. 

Suppose there is an error signal input which is in such a direction that it 
will be in phase with the plate voltages on V-l and V-3 and out of phase 
with the plate voltages on V-2 and V-4. Tubes V-2 and V-4 will therefore 
never fire as long as the phase of the error signalremains the same. How¬ 
ever, tubes V-l and V-3 will fire on alternate halves of the AC cycle and 
will produce an output which will drive the induction motor. The accom¬ 
panying waveforms illustrate what happens during an entire cycle. 
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THE AC SERVO AMPLIFIER USING THYRATRON TUBES 



Induction 

motor 


The waveform Ea-b^ 8 voltage across the primary of the output trans¬ 
former T-3. When V-l fires, current will flow from point A to point C, 
and a negative voltage will appear from A to B. When V-2 fires, current 
flows from B to C which is in the direction opposite to that before. A 
positive voltage will now appear from A to B. The result is that the volt¬ 
age across the primary of T-3 is AC voltage. Actually it is not pure AC 
because the thyratron tubes do not start firing at zero degrees or cut off 
at 180 degrees. However, it is close enough to pure AC to drive the 
induction motor. 
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THE AC SERVO AMPLIFIER USING THYRATRON TUBES 


Error Signal Input (continued) 

When the error signal reverses in phase, the grids of V-2 and V-4 are in 
phase with their plates, and the grids of V-l and V-3 are out of phase with 
their plates. Tubes V-2 and V-4 will conduct and tubes V-l and V-3 will 
remain cut off. Tubes V-2 and V-4 now fire on alternate halves of the AC 
cycle and will produce an output which will drive the induction motor in 
a direction opposite to that before. 

Whereas before V-l fired during the positive alternation of the plate volt¬ 
age, now V-4 fires. When V-4 fires, the current flows from B to C, 
whereas before it flowed from A to C. As a result, the waveform across 
the primary of%T-3 is 180 degrees out of phase with what it was before. 
The induction motor will now rotate in the opposite direction. 
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AN AC SERVO AMPLIFIER USING VACUUM TUBES 


A Push-Pull Amplifier 



The schematic shown above illustrates another type of AC servo ampli¬ 
fier which is similar to the ones used in many equipments. Here the 
phase shift of the control signal takes place in the servo amplifier, it¬ 
self. Looking over the schematic you can see that it is nothing more 
than a push-pull audio amplifier. The push-pull output tubes consist of 
V-4 and V-5. The phase inverter consists of V-2 and V-3. V-l is the 
voltage amplifier stage which drives the phase inverter. 

The phase adjustment network consists of the potentiometer P - 1 and con¬ 
denser C-l. P-1 is adjusted so that the output of the amplifier which is 
applied to coil A of the induction motor will be 90 degrees out of phase 
with the voltage on coil B. Every time a phase adjustment is made, 
potentiometer P-2 must also be adjusted in order to keep constant the 
signal amplitude. 

The amplifier works just like an ordinary audio amplifier. It amplifies 
the error signal input to a level where it is strong enough to energize coil 
A of the induction motor. 

The direction of rotation of the motor will depend upon the polarity of the 
error signal. 
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REVIEW OF THE BASIC COMPONENTS OF A SERVO 


The Error Detecting and Controlling Systems 

With your study of AC servo amplifiers, you have completed your study of 
the basic component systems of servomechanisms. 

Let us now review some of the things you learned about these component 
systems so that you can refresh your memory as to how a basic servo 
system does its job. 

A servomechanism has two major system components—the error detect¬ 
ing system and the controlling system. The error detecting system takes 
the order put into the servo system and compares it to the actual results 
taking place. On the basis of this comparison, it issues a correcting 
signal to the controller to carry out the input order. 


The controller receives the correcting signal from the error detector and 
carries out the order. In so doing it must amplify the weak correcting 
signal and apply the amplified signal to a motor which usually positions a 
load of some sort. The controller will therefore consist of an amplifier 
and a motor. The amplifiers and motors you studied were both DC and AC. 
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SYSTEMS OF A SERVOMECHANISM 



With your knowledge of basic servo system operation, you will consi¬ 
der certain problems that arise in the operation of a servo system. 
These problems must be solved if the servo is to operate properly. 
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OSCILLATIONS IN SERVO SYSTEMS 


What Hunting Is 

A servo system in its simplest form may be considered as a device which 
transmits movement, for purposes of remote control. For example, to 
drive an antenna a hand wheel is turned in a servo system, and some dis¬ 
tance away a large antenna is made to rotate. If the hand wheel were cou¬ 
pled mechanically to the antenna, the antenna would stop turning when the 
hand wheel stopped turning. However, since the hand wheel and the antenna 
are coupled to each other electrically, the antenna due to its inertia may 
rotate past the stopping point determined by the hand wheel. When this 
happens, an electrical signal is fed back to the error detector through the 
response linkage, and an order is issued to the controller to return the 
antenna back to its desired position. As a result, the antenna is rotated 
back, but once again it may overdrive its stopping point. This may con¬ 
tinue, with successive overtravels being less and less until finally the me¬ 
chanical oscillations die out and the antenna comes to rest. This is an ex¬ 
ample of the damped mechanical oscillations in servo system operation 
which destroy stability of operation. 

If there is a big enough time delay in the transmission of a signal through 
a servo system, the oscillations may be reinforced so the antenna will 
continue to oscillate. This is equivalent to the regeneration in an ampli¬ 
fier which causes sustained oscillations. These sustained oscillations in 
a servo system are called "hunting." If a servo system is to do its job, 
the problem of hunting must be eliminated. 

The diagram illustrates that the antenna system actually does vibrate back 
and forth when a condition of hunting exists. 
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OSCILLATIONS IN SERVO SYSTEMS 


How to Eliminate Hunting 

In order to eliminate hunting in a servo system, an anti-hunt device is in¬ 
corporated into the servomechanism. The anti-hunt device usually acts to 
slow up the servo motor just before it reaches its stopping position. The 
inertia of motion of the motor and load is therefore very low, andover- 
driving is eliminated. The anti-hunt device therefore works the same as 
a degenerative feedback circuit in an amplifier. It prevents oscillations. 

One way of eliminating hunting is to introduce mechanical friction into the 
servo system. This method is seldom used because friction both wastes 
power and increases the time lag response of the servo. Since the inertia 
of the frictional'device will have to be a lot larger than that of the servo 
motor and the load, frictional devices are only used on small low-power 
servo systems. 

Another way to eliminate hunting is to introduce an electronic anti-hunt 
circuit into the servo amplifier. This anti-hunt circuit should do two 
things: (1) It should act as a positive feedback circuit and increase the 
gain of the servo amplifier when the error signal is increasing; and (2) it 
should act as a negative feedback circuit and reduce the gain of the servo 
amplifier when the error signal is decreasing. 
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AN ELECTRONIC ANTI-HUNT CIRCUIT 


Positive Feedback 



Suppose you examine the operation of an electronic anti-hunt circuit when 
it is incorporated into the design of a basic DC servo amplifier. The il¬ 
lustration shows a DC servo amplifier which energizes the field windings 
of an amplidyne. The amplidyne, in turn, drives a DC motor. The anti¬ 
hunt circuit consists of the condenser C and the potentiometer P. When the 
error signal input is increasing, the amplidyne will begin to build up an 
output with the indicated polarity. The amplidyne output is applied across 
the potentiometer P. Condenser C will start to charge as shown, and a 
voltage drop will build up across resistors R-l and R-2 which is in phase 
with the error signals applied to both grids. This effectively increases the 
gain of the servo amplifier when the error signal is increasing. The in¬ 
creased gain caused by the feedback voltage is small at the start but in¬ 
creases rapidly as the amplidyne voltage increases. As a result, the servo 
motor receives extra power to drive the load when the error signal input 
is increasing. 


































































































































AN ELECTRONIC ANTI-HUNT CIRCUIT 
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When the error signal input stops increasing, the output voltage from the 
amplidyne levels off and becomes constant. Condenser C is completely 
charged up, and the feedback voltage drops to zero. The servo amplifier 
is now operating at normal gain, and the servo motor is rotating at a con¬ 
stant speed. 

As the load approaches the stopping point, the error signal starts dimin¬ 
ishing. The amplidyne output starts decreasing, and condenser C dis¬ 
charges through resistors R-l and R-2. The voltages developed across 
these resistors are now out of phase with the error signal as shown. This 
negative feedback voltage decreases the gain of the amplifier and re¬ 
duces the amplidyne output still further. This action is cumulative, and 
the output from the amplidyne will drop to zero just before the final po¬ 
sition is reached. 

With the proper adjustment of the feedback potentiometer P, the inertia of 
the load and drive motor will coast the system to its final position without 
any overtravel. Since there is no overtravel, no error signal will be fed 
back and the system will be stable and will not oscillate. 
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AN ELECTRONIC ANTI-HUNT CIRCUIT 


Critical Adjustment of the Anti-Hunt Circuit 

The adjustment of feedback potentiometer P is very critical. It must be 
set just right or the system will hunt. If potentiometer P is adjusted so 
there is too much feedback, the servo motor will stop too soon, and the 
rotor of the control transformer will still be out of correspondence with 
the input synchro generator. An error signal will still exist in the same 
direction as before, and the servo system will drive for a short instant, 
st°P, and start again. This cycle will be repeated over and over indefinitely 
at a high frequency, and it is known as "high frequency hunting." High fre¬ 
quency hunting cannot usually be seen since the movements are minute and 
occur very rapidly. It can be detected, however, as a chattering noise in 
the training mechanism. 



On the other hand, if potentiometer P is adjusted so that there is insuffi¬ 
cient feedback, the servo will tend to overdrive its stopping point and "low 
frequency hunting" will result. Low frequency hunting can be noticed by 
the violent back-and-forth oscillation of the load. If the feedback circuit 
is hooked up so that the feedback voltage is always of the wrong phase, a 
condition of violent hunting will result which can seriously damage the me¬ 
chanical components. 



Application 

The anti-hunt circuit that you have studied is just one example of many 
different types of anti-hunt circuits which are used in servo systems. How¬ 
ever, regardless of the type of anti-hunt circuit that is used, its most im¬ 
portant function is to prevent the servo system from oscillating. The way 
this is done in the majority of cases is to introduce negative feedback into 
the servo follow-up system as the error signal approaches zero. 



Now you are going to study the fundamentals of two-speed synchro trans¬ 
missions which are used as fine and coarse controls in servo systems. 
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TWO-SPEED SYNCHRO TRANSMISSION 


One-Speed Transmission 



All synchro units, regardless of how carefully they are made, will intro¬ 
duce a certain amount of error into the system in which they are placed. 
The inaccuracy is usually caused by gearing and electrical tolerances as 
well as friction. An example will illustrate for you how a tolerance factor 
in a synchro unit can affect the accuracy of a servo system. The block 
diagram illustrates a simple positioning servo which positions an antenna 
by means of a hand crank. It is assumed that the synchro generator is 
geared directly to the hand crank, and that the gear ratio between the two 
is one to one. The gear ratio between the control transformer and the 
antenna will also be one to one. If the synchro generator has an error of 
+ 36 minutes of angle, the final position of the antenna must be in error by 
the same amount for every position of the hand crank. For example, if the 
hand crank is turned 10 degrees, the synchro generator will transmit an 
electrical signal of 10 degrees + 36 minutes to the CT. When the servo 
system reaches equilibrium, the final position of the rotor of the control 
transformer must also be 10 degrees + 36 minutes in order for the error 
signal to be zero. This means that the load will be positioned at 10 de¬ 
grees + 36 minutes, since the gear ratio between it and the CT is one to 
one. The position of the load is therefore in error by 36 minutes in rela¬ 
tion to the input signal of 10 degrees. You can see that in the above set-up, 
which is called a "one-speed transmission," every transmitted signal can 
have an error of as much as 36 minutes. 
















































































































































































TWO-SPEED SYNCHRO TRANSMISSION 


36-Speed Transmission 

The way to minimize the inherent errors in synchro systems is to make 
the synchro units turn a lot faster than the hand crank and the load. This 
can be accomplished by increasing the gear ratio between the hand crank 
and the synchro generator and between the load and the control transform¬ 
er. For example, if the gear ratio is increased to 36 to 1, the error will 
be decreased by l/36. The diagram shows the same servo as before, the 
only difference being the increase in the gear ratio as shown. Now, if the 
hand crank is turned 10 degrees, the shaft of the synchro generator will 
turn 360 degrees plus 36 minutes, the inherent error in the synchro sys¬ 
tem. In order fdr the CT shaft to turn through the same angle to bring it 
into correspondence with the generator and thus reduce the error signal 
to zero, the load must rotate through 10 degrees and one minute. This 
10 degrees and one minute is stepped up by the gear ratio to 360 degrees 
and 36 minutes as shown. The 36-to-l gear ratio has therefore reduced 
the error from 36 minutes to one minute. 

The 36-to-l gear ratio also increases the sensitivity of the servo at times 
when the angular difference between the input and the load, is very small. 
The small angle is actually stepped up 36 times before it reaches the 
servo amplifier where it can be amplified to drive the servo motor. 

The 36-to-l gear ratio is called a "36-speed transmission." 
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TWO-SPEED SYNCHRO TRANSMISSION 


Disadvantage of the 36-Speed Transmission 

The disadvantage of the 36-speed transmission is that the servo system is 
no longer self-synchronous. In the one-speed transmission, the load is 
synchronized with the hand crank at only one point. In other words, there 
is only one position the load can assume which will allow correspondence 
between the rotor of the CT and the rotor of the G. However, in the 36- 
speed transmission, the load can be in synchronization, that is the CT and 
the G can be in correspondence and the input to the servo amplifier be re¬ 
duced to zero, at 36 different positions of the load for any one position of 
the hand crank. For example, if the hand crank is at zero degrees, the 
load would be synchronized at zero degrees, at 10 degrees, at 20 degrees 
and so on in steps of 10 degrees. In each of these positions of the load,the 
angle of the CT is stepped up 36 times so that it is an integral multiple of 
360 degrees—bringing the CT into correspondence with the G in each case. 
If the load and the hand crank are more than five degrees apart when the 
system is turned on, or if the load lags the hand crank by five degrees or 
more, correspondence wiU be established at .one of these "false zeros" 
and the system will lock out of synchronization. 


Although the 36-speed transmission provides high accuracy in a servo sys¬ 
tem, it cannot be used by itself since it does not provide complete syn¬ 
chronization of the input and load at all times. The 36-speed transmission 
must be combined with a low speed transmission to give accuracy as well 
as synchronization at all times. The combination of the two is called "two- 
speed synchro transmission." 


IF THE INPUT IS AT 0°, THE SERVO WILL BE; 
SYNCHRONIZED AT 0°, 10°, 20°, 30°, 40 
UP TO 360° IN STEPS OF 10° 
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TWO-SPEED SYNCHRO TRANSMISSION 


Combining the One-Speed and 36-Speed Transmissions 

A servo system which contains a two-speed synchro transmission is set up 
in the following manner. The low-speed synchro transmission or ’’coarse 
control” as it is called, consists of a generator and a control transformer 
which are geared directly at a one-to-one gear ratio to the input and load 
respectively. The coarse control has the full 36 minutes of error but it 
has only one point of synchronization. The high-speed synchro trans¬ 
mission, or "fine control," consists of a generator and control transformer 
which are geared at 36-to-l ratio to the input and load respectively. Both 
the coarse and fine controls apply their inputs to the servo amplifier 
through a regulator device which automatically selects which input is to 
energize the power drive. When the load and the input are a compara¬ 
tively large number of degrees out of correspondence, the regulator selects 
the coarse control to bring the load close enough to true synchronization 
so that the fine control can take over. The fine control usually takes over 
when the load is within 2 to 5 degrees of correspondence. In this manner, 
the coarse control produces approximate correspondence and makes sure 
that the load and the input are synchronized at the right point. The fine 
control produces accurate correspondence once the coarse control has 
determined the correct point for exact synchronization. 



A TWO-SPEED SYNCHRO TRANSMISSION 

__ SERVO SYSTEM 
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TWO-SPEED SYNCHRO TRANSMISSION 


Different High Speed Synchros 


Although only a 36-to-l fine control was mentioned, there are many dif¬ 
ferent fine control ratio systems in use depending upon the degree of ac¬ 
curacy required in the particular servo in which the fine control is si¬ 
tuated. The most common ratios found in equipments are 72 to 1, 36 to 
1 and 18 to 1. The synchro units associated with these systems are 
called "high speed synchros. " 

The coarse control may be 2 to 1 in addition to the 1-to-l ratio previ¬ 
ously mentioned. The coarse control synchros are usually called "low 
speed synchros." 
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REVIEW OF SERVO FUNDAMENTALS 


Basic Requirements of Servos 

With the study of two "speed synchro systems, you have completed your 
work with fundamentals of servo systems. Suppose you briefly review 
what you have learned up to this point. 

In the introduction to servo fundamentals, you discussed the basic char¬ 
acteristics of servos and analyzed the five basic requirements of any 
servo system^ In order for you to understand what goes into a servo, you 
solved a problem in designing an automatic steering servomechanism. 
You analyzed the operation of the automatic steering servo in keeping the 
ship on course, and you saw that the servo met the five basic requirements 
as previously outlined. 




A servo must be able to accept an order which defines 
the result that is desired. 

A servo must be able to evaluate the existing conditions. 

A servo must be able to compare the desired result with 
the existing conditions, obtaining a difference, or error, 
signal. 

A servo must be able to issue a correcting order, based 
on the error signal, which will properly change the 
existing conditions to the desired result. 

A servo must have the means of carrying out the cor¬ 
recting order. 
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REVIEW OF SERVO FUNDAMENTALS 


The Component Systems—Error Detector, Controller 

Then you analyzed servo systems in general on the basis of what they must 
contain in order to do the job. You were able to break down the servo sys¬ 
tem into two major working components. These are the error detector and 
the controller. The purpose of the error detector is to accept the order 
from a synchro system, compare the order to what is actually taking place 
and issue a correcting order. The error detector therefore takes care of 
the first four basic requirements of servos. The controller then carried 
out the correcting order issued to it by the error detector. The controller 
takes care of the fifth basic' requirement of servos. 

You then were told that in order for you to be able to understand the op¬ 
eration of the many different servos found in equipment, you must first 
study the basic components of servo systems in detail. 



— “ FROM THEORY — — — — — > TO PRACTICE 
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REVIEW OF SERVO FUNDAMENTALS 


The Component Systems Working Together 

In order to give you an idea of how actual servos work, you modified 
your automatic steering servo so that it used a synchro system. Then 
you made a simple analysis of its operation in terms of its component 
pa^ts* You also made a simple qualitative analysis of a basic transducer 
positioning servo in terms of its component parts. With this background 
knowledge of how the component systems work as a team to enable the 
entire servo tq do its job, you continued with a study of the component 
system in detail. 
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REVIEW OF SERVO FUNDAMENTALS 


The Error Detecting Systems 


First you learned about the error de¬ 
tecting system. You learned about two 
common error detectors used in equip¬ 
ment. These are the balanced potentio¬ 
meters and the control transformers. 


> 



BALANCED 

POTENTIOMETERS 




Then you analyzed the operation of the synchro-generator, control- 
transformer team—using magnetic field analysis. 



Knowing how the error detectors worked, you could then proceed to study 
the controller. 
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REVIEW OF SERVO FUNDAMENTALS 


Requirements of DC Servo Amplifiers 

The first type of servo amplifier that you studied is used to drive DC 
servo motors. In order to understand the requirements of an amplifier 
which is used to drive a DC motor, you reviewed some simple DC motor 
theory. You found out how the direction of rotation of a DC motor can be 
reversed. You also found out how to vary the speed of the DC motor. 
Then you studied the DC servo amplifiers whose basic requirements are 
that they must be able to convert the AC error signal input into a DC volt¬ 
age output in order to drive the DC motor. They must be able to vary the 
DC output in accordance with the amplitude of the error signal and thus 
vary the motor speed. They must be able to reverse the polarity of the 
DC output whenever the error signal reverses its phase, and thus reverse 
the direction of rotation of the motor. 



O Reverse polarity of DC output as 
phase of AC input reverses 

























REVIEW OF SERVO FUNDAMENTALS 


DC Servo Amplifiers Using Vacuum Tubes and Thyratron Tubes 



Knowing the requirements of DC servo amplifiers, you became acquainted 
with some basic circuits. You first studied DC servo amplifiers using 
vacuum tubes. You learned how the amplifier changes the AC signal from 
the error detector into a pulsating DC output. You saw how the polarity 
of the DC output reverses as the phase of the input signal reverses. 

Then you studied DC servo amplifiers using thyratron tubes. First you 
learned of the theory of operation of thyratron tubes, and how they can be 
used in motor control circuits. You studied a number of thyratron ampli¬ 
fier circuits using amplitude control and phase shift control. You found 
out in what applications thyratrons are used in preference to vacuum tubes 

2 - 11 ?. 









































REVIEW OF SERVO FUNDAMENTALS 


Ward-Leonard Motor Control System 

You learned that in heavy-duty positioning servos it is impractical to con¬ 
trol a big DC motor directly from the servo amplifier. Youthen studied 
the Ward-Leonard motor control system which is used to control large 
amounts of power to heavy-duty DC servo motors. You analyzed a servo 
system using Ward-Leonard motor control in which a conventional servo 
amplifier circuit controls the excitation to Ward-Leonard unit. The 
Ward-Leonard unit in turn controls a heavy-duty servo motor. 



Input 

power 


Constant 
speed and 
direction 
of rotation 



Generator Motor 
field field 


o 

O 



Output 

power 


Varying 
speed and 
reversible 
rotation 


From servo amplifier 
DC of variable am¬ 
plitude and reversible 
polarity 



fixed supply 



'Wand-^.eoHa f id SYSTEM 
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REVIEW OF SERVO FUNDAMENTALS 


The Amplidyne 



A disadvantage in the use of the Ward-Leonard system is that it has low 
power amplification. This is another way of saying that a comparatively 
large excitation power is needed from the servo amplifier to develop the 
large power outputs. You learned that the amplidyne generator was de- 
veloped to overcome the shortcomings of the Ward-Leonard both as to 
power amplification and physical size. You analyzed the operation of the 
amplidyne and saw that it takes advantage of a short circuit in its armature 
to produce very large power outputs with very little field excitation. You 
found out that the amplidyne has tremendous application both in military 
use and in industry due to its large power-amplification capabilities. 
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REVIEW OF SERVO FUNDAMENTALS 


The AC Servo Motor 

You learned that DC motors are used in servo application which require 
large power outputs and variable speed characteristics. When the power 
requirements are low and the speed range requirements are small, an 
AC motor is often preferred to a DC motor. The advantage of the AC 
motor is that it requires a comparatively simple servo amplifier to drive 
it. You found out that the two-phase AC motor is the most common AC 
motor used in ser,vo application. The speed of the two-phase AC motor 
can be varied within limits by varying the voltage applied to one stator 
winding. The direction of rotation can be reversed by reversing the phase 
of the voltage applied to one winding. 


RECALL THE WORKINGS OF THE 
TWO-PHASE INDUCTION MOTOR 
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REVIEW OF SERVO FUNDAMENTALS 


The AC Servo Amplifier 


Having studied the theory of operation of the AC servo motor, you then 
studied the servo amplifiers which drive them. You analyzed the oper¬ 
ation of typical servo amplifiers similar to those used in actual.equip¬ 
ment. 



The above topic completed your work with basic component system 
of servomechanisms. Next you went into the problem of hunttae to 
servo operation. 111 




















REVIEW OF SERVO FUNDAMENTALS 
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...Wtff //V SERVO SYSTEMS 

TO PREVENT OSCILLATIONS 


You learned that a servo amplifier, just like any other amplifier,will os¬ 
cillate or hunt if certain precautions are not taken. You were told that 
there are mechanical and electronic methods of stopping these unwanted 
oscillations. The mechanical method uses friction to damp out the hunt¬ 
ing. This method is inefficient and cannot be used in high power servo 
systems. In its place, electronic anti-hunt circuits are used to eliminate 
hunting. You studied a number of examples of servo systems using 
electronic anti-hunt circuits. 
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REVIEW OF SERVO FUNDAMENTALS 


Two-Speed Synchro Transmission 

The concluding topic in your study of servo system fundamentals was the 
two-speed transmission system. You learned that errors in servo opera¬ 
tion can be minimized by using two synchro systems called "coarse" and 
"fine" controls. The coarse control synchro team brings the output into 
approximate correspondence with the input. The fine synchro team posi¬ 
tions the output so that it is in accurate correspondence with the input. 



A TWO-SPEED SYNCHRO TRANSMISSION 

_ Senva Sytfent 
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REVIEW OF SERVO FUNDAMENTALS 


Conclusion to Servo Fundamentals 

With the completion of your studies of synchro and servo fundamentals, 
you have obtained a firm grasp of basic synchro and servo operation 
and circuits that are used in actual equipment. 


The application of servomechanisms is by no means limited to the field 
of military equipment. Industry is also making rapid strides in the use 
of servos for process control, as in chemical plants, oil refineries, 
steel, textile and paper mills, etc., and in the development of automa¬ 
tic machinery (automation) for manufacturing. 


As a result, you have a chance here in your study of servo systems to 
gain knowledge that will benefit you in later life and work. Make the 
most of this opportunity. 
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CUMULATIVE INDEX 


(Note: The first number in each entry identifies the volume in which the information 
is to be found; the second number identifies the page.) 


AC Current, drawn by a coil, 1*78 
AC servo omplifier, basic type, 2*85 to 2-86 

servo amplifier, block diagram, 2-85 to 2-86 
servo amplifier, schematic of unit using 
Thyrotron tubes, 2-87 
using Thyratron tubes, 2-87 to 2-90 
using vocuum tubes, 2-91 
AC servo motors, 2-79 to 2-83 

compored to DC servo motors 2-79 
generoting the rotating mognetic field, 

2-81 to 2-82 

how the magnetic field causes the motor 
to turn, 2-83 
Amplidyne, 2-67 to 2-77 
block diagram, 2-75 
how it works, 2-69 to 2-71 
industrial application, 2-77 
large power amplification, 2-73 to 2-74 
the complete unit, 2-76 
what it con do, 2-68 
when it is used, 2-67 
Amplifier, push-pull, 2-91 

Angular difference, measurement, 1-108 to 1-109 
Anti-hunt circuit, criticol adjustment of, 2-99 
electronic, 2-97 to 2-99 
negative feedbock, 2-98 
positive feedback, 2-97 

Balanced potentiometers, battery and motor, 
replacement, 1-126 

Basic amplifier circuit using diodes, 2-37 
Cathode circuits, grounding one of them, 2-33 
Controller, component of the servo, 1-122 
others, 1-123 

Controller, functions of, 2-15 
Controlling system, 2-15 
Control transformers, 1-12, 1-64 to 1-75 
oction, summary of, 1-73 to 1-74 
construction, 1-65 
general information, 1-64 
how they are used, 1-75 
how they work, 1-70 to 1-72 
schemotic, 1-66 
DC servo amplifier, 2-20 
requirements of, 2-20 
single stage, 2-21 

single stage, basic circuit using triodes, 2-21 
two stage, 2-29 
two stoge, basic circuit, 2-29 
using diode vocuum tubes, 2-37 
DC servo motor, 2-16 to 2-18 
application of, 2-18 
fob of, 2-16 to 2-17 
DG, odded to correct for ship's bearing, 

1- 132 to 1-133 

how it corrects for changes in ship's bearing, 

2- 10 to 2-12 

Differential generators, 1-10 
addition, 1-54 to 1-56 
subtraction, 1-45 to 1-53 
Differential motors, 1-11, 1-58 
addition, 1-61 
subtraction, 1-59 to 1-60 
Error detecting component, of the servo, 1-120 
other types, 1-121 


Error detecting system, 2-1 
Error detector, function of, 2-1 

balanced potentiometer type, 2-2 to 2-5 
control transformer type, 2-6 to 2-12 
job of, 2-13 

Error signal, in phase, 2-4, 2-8 

input, 2-24 to 2-26, 2-31 to 2-32, 2-50 to 
2-51, 2-57 to 2-58, 2-88 to 2-90 
out of phase, 2-5, 2-9 

phase, depends upon direction of rotation 
of CT Rotor, 2-7 

zero, 2-6, 2-22 to 2-23, 2-30, 2-49, 2-56 
Helmsman, as the element of control, 1-99 
replaced with motors, 1-100 
Hunting, how to eliminate it, 2-96 
what it is, 2-95 

Induction motor, two-phase, 2-80 
Magnetic fields, 1-21 to 1-24 
Motor reversing switch, connecting of, 1-101 
Oscillations, in servo systems, 2-95 to 2-96 
Phase shift control, odvantage of, 2-52 

how E s and E ( , combine to produce E^, 2-55 
how it works, 2-53 
for servo amplifiers, 2-52 to 2-55 
Phase shifted signal, how it is produced, 2-54 
Positioning servas, 1-91 

Reversing switch, hooking up to the compass, 
1-102 

replaced with the compass potentiometer, 
1-107 

Review, basic requirements of servos, 2-107 
conclusion to servo fundamentals, 2-119 
DC servo amplifiers using vacuum tubes 
and tryratron tubes, 2-112 
how synchro generators and motors work, 

1- 33 

hunting, 2-117 

requirements of DC servo amplifiers, 2-111 
servo fundamentals, 2-107 to 2-119 
the AC servo amplifier, 2-116 
the AC servo motor, 2-115 
the amplidyne, 2-72, 2-114 
the basic requirements of servos, 1-119 
the component systems, error detector, 
controller, 2-108 

the component system in a basic servo, 1-135 
the component systems working together, 
2-109 

the error detecting and controlling systems, 

2- 93 

the error detecting systems, 2-110 
two speed synchro transmission, 2-118 
Ward-Leonard motor control system, 2-113 
Rotar connections, reversal of, 1-36 
Servo amplifiers, cathode follower, 2-35 
cathode loaded, 2-34 
Servos, basic characteristics of, 1-93 
basic requirements, 1-94 
comparing corrected one with the original, 
1-129 

demonstrate basic characteristics, 1-118 to 
1-122 

designing, 1-96 to 1-105 

factors that they must consider, 1-105 
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Servo fundomentals, introduction to, 1-89 to 1-94 
Servos, in oction, 1-103 
limitotion of, 1-104 
Servo mechonisms, completed, 1-110 
Servo operotion, foctors influencing, 1-116 
Servos, other types of, 1 -92 
Servos, principles bosic to oil, 1-118 
seeing how it works, 1-112 to 1-116 
seeing how the redesigned one works, 

1- 125 to 1-129 

thot will steer o ship, 1-96 
turns rudder, 1-113 
whot they ore, 1-89 to 1-90 
with o humon component, 1-97 to 1-98 
Ship, deviotes, 1-112 

deviotes "off course," 1-127 
Ship, "on course," lMl5 

turns bock on course, 1-114, 1-128 
Single stoge omplifier, seeing how it works, 

2- 22 to 2-27 

whot hoppens in the circuit, 2-27 
Sliding orm, one moved off center, 2-3 
Stotor connections, cycle shift of, 1-37 
reversol of, 1-34 to 1-35 
Synchro copocitors, 1-77 to 1-81 

how they ore used, 1-79 to 1-81 
Synchro differential, 1-42 to 1-62 
construction, 1-43 
generol information, 1-42 
problems, 1-57, 1-62 

Synchro fundomentols, conclusion to, 1-83 to 1-87 
introduction to, 1-1 to 1-13 
Synchro Generotors, 1-9, 1-15 to 1-40 
construction, 1-16 to 1-18 
Synchro generotor-motor teom, how it works, 

1-28 to 1-32 

Synchro generotors ond motors, generol 
informotion, 1-15 
Synchro motors, 1-9, 1-19 to 1-40 
construction, 1-19 
Synchro schemotics, 1-20 
Synchro systems, 1-13 
occurocy, 1-77 


’ Synchro tronsmission, combining the one-speed 
ond 36-speed types, 2-104 
disodvontoges of 36-speed transmissions, 
2-103 

one speed, 2-101 
36 speed, 2-102 
two speed, 2-101 to 2-105 
Synchros, odvontoge of using, 1-125, 
different high speed types, 2-105 
importonce of, 1-8 
whot they ore, 1-1 to 1-7 
Thyrotron gos tube, 2-39 to 2-44 

oction of the gos molecules, 2-40 
criticol grid voltoge curve, 2-43 
plote current vories with plote voltoge, 2-42 
some chorocteristics of the 3C23 type, 2-39 
vorying firing time by vorying bios voltoge, 
2-44 

when the tube fires the grid loses control, 
2-41 

Thyrotron motor control circuit, 2-46 to 2-48 
using AC grid voltoge, 2-48 
using DC grid voltoge, 2-46 to 2-48 
Thyrotron servo omplifier, using amplitude 
control, 2-49 to 2-51 
using phose shift control, 2-56 to 2-58 
Torque, produced by synchro motor, 1-38 to 1-40 
Tronsducer positioning servo, 1-131 to 1-133 
block diogrom of, 1-131 
Transformer oction, in o differential, 1-44 
Transformer theory, 1-25 to 1-27, 1-67 to 1-69 
Two stoge omplifier circuil, seeing how it works, 
2-30 to 2-32 

Two stoge servo omplifier, grounding o point in, 
2-33 to 2-35 

Vocuum tube versus gos tube, 2-38 
Word-Leonord control system, 2-60 to 2-65 
block diogrom, 2-61 

block diogrom for positioning servo, 2-65 
comporing it to on electronic power 
omplifier, 2-62 
some opplicotions, 2-64 
using two DC generotors, 2-63 
when it is used, 2-60 
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